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Chapter 1: Introduction  
1.1 General 
The characterization of the pore space and microstructure of shales is crucial for 
many applications in geosciences; for example, the reservoir characterization of gas 
shales, basin modeling studies, understanding of sealing behavior and the genera-
tion of hydrocarbons in organic-rich shales. Due to their relative low porosity and 
permeability, understanding these fine-grained rocks is difficult and requires new 
methods and techniques. One such newly developed method is the combination of 
Broad-Ion-Beam (BIB) milling and Scanning Electron Microscopy (SEM). This disserta-
tion focuses mainly on the investigation of organic-rich shales using these combined 
techniques, known as BIB-SEM. This research project was funded by Shell International 
Exploration and Production B.V. 
1.2 Scope and aims of this dissertation 
The aim of the dissertation is to investigate the porosity and microstructure in organic-
rich shales using BIB-SEM. The BIB-SEM method could become a new benchmark for 
the characterization of low-porous and low-permeable rocks. Results were validated 
and calibrated using other complementary techniques like Micro Computer Tomog-
raphy (MicroCT), Mercury Intrusion Porosimetry (MIP), Wood’s Metal Injection (WMI) 
and Focused-Ion-Beam (FIB-)SEM. The BIB-SEM method can be used to compare the 
pore space morphology and microstructure in rocks of different maturity, origin or 
lithology at high resolution in Representative Elementary Areas (REA) at the millimeter 
to centimeter scale. This in turn allows us to develop a better understanding of the 
mechanisms and processes associated with pore space and microstructure devel-
opment in shales. Therefore, the specific objectives by which the aim will be 
achieved are: 
 to investigate the effect of maturity on pore space in organic matter; 
 to determine the effect of grain size and mineralogy on pore space in 
shale; 
 to investigate the connectivity of the pore space in shales.  
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A good understanding of these effects and the pore connectivity are essential for 
reservoir evaluation and modeling unconventional reservoirs (Bustin and Bustin, 2012; 
Clarkson et al., 2011; Jiang and Spikes, 2013). Furthermore these processes facilitate 
the estimation of input parameters needed for permeability models (e.g., Azom and 
Javadpour, 2012). Moreover, as BIB-SEM is a novel technique, there are to date no 
standard procedures. During the course of this PhD project, the best practices of BIB-
SEM investigations were set. This methodology and lessons learned are described in 
detail in the next chapters. 
1.3 Samples 
In total 15 samples from 3 different regions and 4 shale formations have been investi-
gated (Table 1-1). Samples were provided by provided by SHELL Global Solutions In-
ternational B.V. The shale samples from the Middle East have only been used as a 
training sample set. The locations of the Upper Jurassic Posidonia Shale, Haynesville 
and Bossier Shale are shown in Figure 2.1. These formations are of economic im-
portance as they are hydrocarbon producing geological formations and (potential) 
shale gas plays. 
Table 1-1. Samples investigated using BIB-SEM during the study.  
Formation Sample name Region 
   
Unspecified #1 - 3 Middle East 
Posidonia 
Shale 
RWEP06 
NW  
Germany 
RWEP08 
RWEP10 
RWEP14 
Haynesville 
Shale 
SBI 9-4 
Louisiana, 
USA 
SBI 8-2 
SOM 4-4 
SOM 9-2 
Bossier 
Shale 
SHSI 6-2 
SHSI 1-6 
SCN 3-6 
SMY 4-2 
   
1.4 Chapter descriptions 
The first section of Chapter 2 introduces shales, in particular organic-rich shales and 
related hydrocarbon generation. Thereafter, different types of porosity-permeability 
characterization methods are addressed. The last section introduces the BIB-SEM 
method and the application of WMI-BIB-SEM. Chapter 3 contains the general work-
flow and best practices for the BIB-SEM method in more detail. This chapter also ad-
dresses the sample preparation and pore segmentation. Chapter 4 is called: “BIB-
SEM study of the pore space morphology in early mature Posidonia Shale from the 
Hils area, Germany”. This chapter focuses in particular on the link between the BIB-
SEM observations and bulk measurements. Chapter 5 describes the pore space 
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characteristics in eight different samples from the Haynesville and Bossier Shales; the 
depths of samples are from mature to overmature gas window. In this chapter the 
effect of maturity, grain size and mineralogy on the evolution of porosity in these 
shales are addressed. In Chapter 6 the application of WMI-BIB-SEM in fine-grained 
rocks is addressed and the implications for MIP are discussed. Chapter 7 assesses the 
pore space and microstructure in 3D at different scales in a Haynesville Shale sample 
using the combination of BIB-SEM, FIB-SEM and MicroCT methods. Chapter 8 de-
scribes focuses mainly on the organic-matter porosity in mature Posidonia Shale using 
BIB-SEM. Chapter 9 summarizes the conclusions and recommendations for further 
research are presented. 
1.4.1 Parts of this dissertation which are published or submitted 
Chapter 4 was published in the International Journal of Coal Geology (Klaver et al., 
2012). Chapter 5, and 6 are based on articles that have been submitted to Marine 
and Petroleum Geology (Klaver et al., 2015a) and Geofluids (Klaver et al., 2015b) 
respectively. Chapter 7 and 8 is part of ongoing work and will be prepared for publi-
cation. Aspects of the PhD project have been presented as poster or oral presenta-
tions at conferences and workshops. 
1.4.1.1 Published articles 
 Klaver, J., Desbois, G., Urai, J.L., Littke, R., 2012. BIB-SEM study of the pore 
space morphology in early mature Posidonia Shale from the Hils area, 
Germany. International Journal of Coal Geology, 103, 12-25. 
 Giffin, S., Littke, R., Klaver, J., Urai, J.L., 2013. Application of BIB–SEM technology 
to characterize macropore morphology in coal. International Journal of Coal 
Geology, 114, 85-95. 
 Klaver, J., Desbois, G., Littke, R., Urai, J.L., 2015a. BIB-SEM characterization of 
pore space morphology and distribution in postmature to overmature samples 
from the Haynesville and Bossier Shales. Marine and Petroleum Geology. 
 Klaver, J., Hemes, S., Houben, M., Desbois, G., Radi, Z., Urai, J.L., 2015b. The 
connectivity of pore space in mudstones: insights from high pressure Wood's 
Metal Injection, BIB-SEM imaging and Mercury Intrusion Porosimetry. Geofluids. 
1.4.1.2 Conferences and workshops 
 Klaver, J., Desbois, G., Urai, J.L., 2011a. 2D porosity mapping and distribution in 
anorganic-rich shale from the Middle East: preliminary results using a broad ion 
beam - scanning electron microscopy (BIB-SEM) approach, EGU General 
Assembly, Vienna, Austria. Geophysical Research Abstracts, EGU2011-1738. 
Oral presentation. 
 Klaver, J., Desbois, G., Urai, J.L., 2011b. Porosity mapping of shale using broad 
ion beam – scanning electron microscopy (BIB-SEM): preliminary results of an 
organic-rich shale, Flows and mechanics in natural porous media from pore to 
field scale, Pore2Field. IFP Energies nouvelles, Paris, France, p. 4. Poster 
presentation. 
 Klaver, J., Desbois, G., Urai, J.L., 2011c. Qualitative and quantitative 
charactarization of porosity in a low porous and low permeable organic-rich 
shale by combining broad ion beam and scanning electron microscopy (BIB-
SEM), Clays under Nano- to Microscopic resolution. NEA Clay Club Workshop 
Proceedings, Karlsruhe, Germany, pp. 108-111. Poster presentation. 
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 Desbois, G., Urai, J.L., Houben, M., Hemes, S., Klaver, J., 2011. BIB-SEM of 
representative area clay structures: insights and challenges, Clays under 
Nano- to Microscopic resolution. NEA Clay Club Workshop Proceedings, 
Karlsruhe, Germany, pp. 67-74. Oral presentation. 
 Klaver, J., Desbois, G., Urai, J., 2012a. Study of the pore space in Posidonia 
Shale using BIB-SEM, 2nd Mini-symposium on: Porous media research in the 
Netherlands; Theory, experiments, models, and applications, Shell Rijswijk. 
Poster presentation. 
 Hemes, S., Klaver, J., Desbois, G., Urai, J.L., 2013. Deformation of Boom Clay 
microstructure, due to compaction during Wood’s metal injection, as 
visualized by high resolution scanning electron microscopy and broad-ion 
beam milling, 18th International Conference on Deformation Mechanisms, 
Rheology & Tectonics DRT, Leuven, Belgium. Poster presentation. 
 Giffin, S., Littke, R., Klaver, J., Urai, J., 2013a. Application of BIB-SEM technology 
to characterize meso- and macropore morphology in coal, EGU General 
Assembly 2013, Vienna, Austria. Geophysical Research Abstracts, EGU2013-
10184. Oral presentation. 
 Giffin, S., Littke, R., Klaver, J., Urai, J.L., 2013c. Using BIB-SEM to determine pore 
morphology and pore size distributions in coal macerals, DGMK. Poster 
presentation. 
 Hemes, S., Klaver, J., Desbois, G., Urai, J.L., 2014. Three dimensional analysis of 
the pore space in fine-grained Boom Clay, using BIB-SEM (broad-ion beam 
scanning electron microscopy), combined with FIB (focused ion-beam) serial 
cross-sectioning, pore network modeling and Wood’s metal injection, EGU 
General Assembly 2014, Vienna, Austria. Geophysical Research Abstracts, 
EGU2014-9657-3. Poster presentation. 
 Klaver, J., Desbois, G., Urai, J.L., 2014a. Application of Wood's Metal Injection 
(WMI) in combination with Broad Ion Beam milling (BIB) Scanning Electron 
Microscopy (SEM) imaging on fine-grained rocks, Centennial Analytical 
Conference 2014, Shell, Amsterdam. Poster presentation. 
 Desbois, G., Hemes, S., Houben, M., Laurich, B., Klaver, J., Höhne, N., Urai, J.L., 
Viggiani, G., Bésuelle, P., 2014. Investigation of microstructures in naturally and 
experimentally deformed reference clays from underground laboratories for 
research by using scanning electron microscope, Réunion des Sciences de la 
Terre, Pau. Oral presentation. 
 Klaver, J., Desbois, G., Urai, J.L., 2014b. Assessing the pore space morphology 
and connectivity in mudstones using BIB-SEM and Wood’s Metal Injection 
(WMI), Dutch InterPore Meeting, Unilever Vlaardingen. Poster presentation. 
 Klaver, J., Desbois, G., Urai, J.L., 2014c. Characterization of pore space 
morphology and connectivity in mudstones using a combination of Broad Ion 
Beam milling and Scanning Electron Microscopy (BIB-SEM) with Wood’s Metal 
Injection (WMI), Workshop "The challenge of studying low permeability 
materials: Laboratory, in situ (field) and numerical methods", Cergy-Pontoise, 
France. Poster presentation. 
1.4.2 Contribution of co-workers 
A number of sections have contributions from other researchers as some chapters of 
this dissertation are based on published or submitted articles written with co-authors. 
In general, this includes mainly: guidance and assistance of the paper structure by 
Guillaume Desbois (RWTH Aachen University); help with the theory, problem stating 
and structure by Janos Urai (RWTH Aachen University); the experimental work and 
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discussions on the vitrinite reflectance and Rock Eval analyses by Ralf Littke (RWTH 
Aachen University). Section 3.4.2  on the automatic pore segmentation is based on 
the work of Dennis Kempin (RWTH Aachen University, now Google) who wrote the 
pore segmentation algorithm (Kempin, 2012). Susanne Hemes (RWTH Aachen Univer-
sity) and Maartje Houben (RWTH Aachen University, now Utrecht University) contrib-
uted to Chapter 6 as they helped with the experimental work and reviewed the 
manuscript. The experimental work for the MicroCT and FIB-SEM analyses was per-
formed by Jens-Oliver Schwarz (Johannes Gutenberg-Universität Mainz) and Birgit 
Schroeppel (NMI Universität Tübingen), respectively. Jop Klaver performed all the BIB-
SEM work and analyses, was the initiator and wrote all the articles and chapters. Kev-
in Wilkins assisted with correcting the pore and mineral segmentations. 
1.4.3 Guide for the reader 
Some chapters are based on published or submitted papers, so some repetition may 
occur as the same method, BIB-SEM, was applicable for the different articles. To 
avoid too much repetition, all references are listed at the end of the dissertation. 
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Chapter 2: Background 
2.1 Introduction 
Shales are the most abundant sedimentary rocks (Schieber and Zimmerle, 1998) and 
as such they are important constituents of sedimentary basins. They act as a seal for 
water and hydrocarbons, as potential seal for CO2 (e.g. Godec et al., 2013; Liu et al., 
2012) or radioactive waste disposal (Hoth et al., 2007) or host mineral deposits and 
hydrocarbons (Sethi and Schieber, 1998). Moreover, organic-rich shales are the main 
source of hydrocarbons and can also store gas and oil, known as shale gas or shale 
oil (Jarvie, 2012a; Jarvie, 2012b). These resources are also known as unconventional 
resources, together with tight gas, Coalbed Methane (CBM) and gas hydrates, and 
typically have low porosities and permeabilities. The first shale gas production started 
in the 19th century in the US (Curtis, 2002) but significant production happened at the 
beginning of this century due to new developments like horizontal drilling and hy-
draulic fracturing (Breyer, 2012). Most of the shale gas production is taking place in 
the USA, but the global resource potential is huge (Figure 2.1).  
 
Figure 2.1. World map showing basins with gas shale and oil shale formations of 41 countries. The basins 
with the Posidonia, Haynesville and Bossier Shale are also shown (Source: U.S. Energy Infor-
mation Administration, May 2013).  
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A comprehensive understanding of the low porosity and low permeability of these 
organic rich shales is essential for reservoir studies. Better understanding of porosity 
and permeability would provide a more accurate reservoir estimation and can op-
timize the production, which is crucial for financial forecasting (Lee and Sidle, 2010).  
2.2 Shales 
Shale consist mainly of a mixture of clay minerals and silt-sized grains (4 - 62.5 m), 
and it can contain organic matter and other minor constituents like heavy minerals 
(e.g., pyrite, siderite, rutile; Totten and Hanan, 1998, 2007). The grains consist typically 
of detrital quartz, feldspar and carbonate grains or fossils and are hold together by 
cement due to diagenesis. Shale is actually a term indicating the fissility of fine-
grained rocks because of their laminated nature. According to the grain size, shales 
are in fact mudrocks (Figure 2.2), but since the formations that are investigated in this 
dissertation are called “shales”, the generic term “shale” is used in general. 
 
Figure 2.2. Classification of fine-grained silisiclastic rocks. Sst = sandstone (after Tucker, 1991). 
These fine-grained sediments are typically deposited in (deep) marine or lacustrine 
low-energy environments. In the inactive water column the fine-grained silisiclastic 
and carbonate sediments have time to settle down to the bottom. During sedimen-
tation the finer particles, <10 m (e.g. Day-Stirrat et al., 2008 and references therein; 
O'Brien and Slatt, 1990), tend to stick to each other forming floccs, with a typical 
card house structure (Bennett et al., 1991; Slatt and O'Brien, 2011), or 
organomineralic aggregates (Aplin and Macquaker, 2011; Macquaker et al., 2010) 
also known as marine snow. Other constituents may be added to the sedimentary 
deposits due to authigenic mineral precipitation of carbonate and sulfide (Bloch, 
1998) or biogenic production of carbonate or silica (Bjørlykke and Jahren, 2012).  
At the moment when these fine-grained sediments are first deposited, the porosity is 
very high, and can be up to 90 % for clay-rich deep sea sediments (Velde, 1996). As 
deposition continues the burial load increases and the fine-grained sediments start to 
dewater and compact mechanically by grain rearrangement, reorientation, and 
grain deformation (Aplin and Macquaker, 2011; Bennett et al., 1991; Day-Stirrat et al., 
2008; Day-Stirrat et al., 2010; Fawad et al., 2010; Nygard et al., 2004). If carbonate is 
present, carbonate dissolution and cementation takes place (Nygard et al., 2004). 
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Mechanical compaction continues until about 2-3 km depth where chemical com-
paction starts to play the dominant role (Bjørlykke et al., 2010). At these depths, the 
temperature has risen to about 80 - 100 °C; quartz cementation starts, and the disso-
lution of smectite and precipitation of illite is takes place. At greater depths, and 
consequently higher temperatures (~130 °C), kaolinite and K-feldspar dissolves into 
illite and quartz (Bjørlykke, 2006). Hence in shales, chemical compaction is to a great 
extent controlled by the temperature.  
2.2.1 Organic-rich shales 
Organic matter can be another significant component of shales and when the Total 
Organic Carbon (TOC) is above 0.5 % (in weight %) we speak of organic-rich shales. 
These organic-rich shales are considered as source rocks for hydrocarbons and as 
potential reservoir rocks for hydrocarbons (Jarvie, 2012a; Jarvie, 2012b). The main 
sources of organic matter are terrestrial plants and marine phytoplankton. Re-
sedimentated organic matter may originate from eroded coal or organic-rich shales 
deposits. The total amount of organic carbon is controlled by many factors, such as: 
terrestrial organic productivity, terrestrial organic matter supply, primary productivity, 
water depth, oceanic circulation and sedimentation rate (Myers, 2009). These fac-
tors influence the amount of organic matter that surpass the degradation. Degrada-
tion of organic matter takes place by oxidation resulting in anoxic conditions 
(Demaison and Moore, 1980). In these anoxic conditions H2S is being produced by 
the reduction of organic matter due to bacteria, and subsequently H2S and detrital 
iron minerals form pyrite (Berner, 1984). The preserved organic matter together with 
the other fine-grained constituents form the organic-rich shale in these anoxic basins.  
2.2.2 Hydrocarbon generation and maturity 
At elevated temperatures and pressures the organic matter starts to alter into insolu-
ble kerogen and soluble or fusible bitumen (Killops and Killops, 2005). The kerogen 
can be subdivided into three different types, or macerals groups, that define the 
origin of the organic matter: organic matter from algae and leaves is called liptinite, 
woody material is called vitrinite and oxidated woody material or reworked coal is 
called inertinite. Liptinite is oil prone and vitrinite gas prone. The generated bitumen 
can be oil, due to categenesis, or gas, due to metagenesis, (Littke, 1993) and the 
type of hydrocarbon depends on the maturity level of the shale (Table 2-1).  
Table 2-1. Hydrocarbon generation and level of thermal maturation. 
 
Stage of thermal 
maturity 
Approximate VR 
(R0) 
Temperature 
(°C) 
Main fluids evolved 
     
Diagenesis Immature < 0.5/0.6 % < 60 CO2 and water 
Categenesis 
Early - late ma-
ture 
0.5/0.6 - 1.3 % 
60 - 150 
Liquid hydrocarbons (oil) 
Post mature 1.3 - 2.0 % 
Gaseous hydrocarbons 
(wet gas) 
Metagenesis Overmature > 2.0 % 150 - 200 Dry gas (methane) 
(after Killops and Killops, 2005; Peters and Cassa, 1994) 
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The maturity defines the amount of thermal alteration of organic matter and is 
measured as the percentage of reflected light from vitrinites immersed in oil (% R0), 
usually presented as mean Vitrinite Reflectance at random orientation (VRr). 
Categensis takes place at maturation levels between 0.5 % < R0 < 2.0 % and 
metagenesis 2.0 % < R0 < 4.0 % (Horsfield and Rullkotter, 1994). Another method for 
determining the maturity and hydrocarbon potential is Rock-Eval Pyrolysis (Espitalié et 
al., 1977). During Rock-Eval pyrolysis, samples are heated up to 550 °C in certain steps 
and the released amount of hydrocarbons and CO2 are being measured. The tem-
perature with the maximum release is called the Tmax and is controlled by the maturi-
ty and type of kerogen(Peters, 1986). Due to the conversion from kerogen in hydro-
carbon, organic porosity is created (Loucks et al., 2009), which in turn host a part of 
the hydrocarbons (Romero-Sarmiento et al., 2013). The hydrocarbons will remain 
trapped until pore pressure exceeds capillary breakthrough pressure (Clayton and 
Hay, 1994) or migrate through the rock because of micro-fracturing (Berg and Gangi, 
1999). In this study, the porosity of organic-rich shales with different maturity levels is 
investigated. Their maturities range from VRr = 0.59 for the immature Posidonia Shale 
up to VRr = 2.58 measured in an overmature Haynesville Shale sample. 
2.3 Porosity and permeability of shales 
In general, pore sizes, and therefore the porosity and permeability decrease with bur-
ial depth due to diagenesis but these are hard to predict in clay-rich sediments 
(Velde, 1996) like shales. As shales consist of fine-grained sediments, the pores are 
also small. Compaction and cementation during burial converts the loose, fine 
grained sediments into a rock, reducing the pore sizes and pore throats even more 
typically below the micrometer (typically below the micrometer; Nelson, 2009), which 
decreases the porosity and permeability. Typical porosity and permeability values of 
some well-known organic-rich shales are given in Figure 2.3. The figure shows that, 
except for the Messel Shale, porosities are below 15 %, and that the permeabilities 
vary significantly, from almost 100 Darcy down to the picoDarcy range, even within 
one formation. The huge range, over which porosities and permeabilities have been 
measured in Figure 2.3, illustrates the difficulty in assessing these properties. This has 
mainly to do with the small pores and the heterogeneity of shales and the methods 
that are being used. For example: was it the connected porosity that was being 
measured? What was the permeating fluid to measure the permeability? How were 
these samples dried? These questions should all be taken into account to properly 
evaluate and compare these measurements. Furthermore, the link between porosity 
and permeability is complex in these heterogeneous fine grained rocks, and as Clay-
ton (1994) correctly stated, whenever there is gas flow, it will follow "... the largest in-
terconnected pores and the easiest route",... so... "it will be therefore a function of 
the smallest pore (throat) encountered on this interconnected pore network. It will 
neither be the smallest nor the largest pore in the rock". 
Other than experimental measurements, one can estimate permeability by using 
analytical and or empirical equations like the capillary tube model (e.g., Azom and 
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Javadpour, 2012) or the Kozeny-Carman equation (e.g. Yang and Aplin, 2007). How-
ever, these models are a simplification and need input parameters like porosity, pore 
sizes, tortuosity, shape factors and surface area. These properties are hard to acquire 
and, as shown before and in Figure 2.3, some interpretation is needed. Other than 
these Darcy-type of transport models, diffusion is another important mechanism of 
gas transport (e.g., Etminan et al., 2013; Heller et al., 2014; Ma et al., 2014). Diffusion 
plays particularly a role in the meso-micropores (< 50 nm; Heller et al., 2014). 
 
Figure 2.3. Typical porosity and permeability values in some organic-rich shales measured using various 
methods. Ghanizadeh (2014a; 2014b) and Dewers (2012) measured porosity using He 
pycnometry and MIP, respectively and permeability was measured by using gas at various 
confining pressures. Porosities from the work of Eseme (2012) are based on MIP before and af-
ter thermo-mechanical deformation tests and permeability was measured using water as the 
permeating fluid. Wang and Hammes (2010) performed their porosity and permeability meas-
urements using gas on crushed samples. Whiskers represent the minimum and maximum value 
found in these studies.  
2.4 Measuring porosity in shales 
This dissertation focuses on the physical porosity (Pearson, 1999), also known as the 
total porosity. This is the ratio of the volume of pore space over the bulk volume of 
the material and is the sum of the connected or effective porosity plus the isolated 
porosity. In these fine-grained rocks porosity is difficult to assess as the pores are small 
and have a low connectivity, which hinders most measurements. Therefore, conven-
tional methods to measure porosity in these type of rocks might not be adequate 
and comparison between measurements obtained by different methods might be 
challenging and needs an educated view (API, 1998). Each method has its disad-
vantages (Sondergeld et al., 2010) and the best way of getting a good porosity esti-
mate is by applying several different methods, which complement each other. Some 
well known methods that measure shale porosity, and to some extent pore size distri-
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butions, include: MIP, gas adsorption and helium pycnometry (Chalmers et al., 
2012a). Some more advanced methods are Nuclear Magnetic Resonance (NMR) 
(Tinni et al., 2014) and (Ultra) Small-Angle Neutron Scattering ((S)SANS) (Clarkson et 
al., 2013). Apart from these bulk and/or 'blind' methods there are also other methods 
that directly image the porosity like MicroCT, BIB-SEM and FIB-SEM. These and other 
methods used in this study are described below. However, first another critical as-
pect of measuring porosity in shales will be addressed, namely core damage. 
2.4.1 Core damage 
Artifacts like cracks due to sampling are known as core damage. Core damage can 
has several causes and could originate from stresses that act on the sample during 
various stages of sampling, such as drilling, coring, plugging and cutting (Blackbourn, 
1990; Corkum and Martin, 2007; Li and Schmitt, 1998). Sampling can also induce frac-
tures because the cored samples are no longer under their in-situ conditions. Cores 
are usually taken from large depths with high lithostatic pressures and high pore 
(over-) pressures, and after coring they are subjected to zero lithostatic stress, which 
can result in rock fracturing. Also, environmental conditions like temperature and 
humidity may affect the microstructure during storage and transport, causing drying 
cracks, especially in clay rich rocks (Kang et al., 2003; Soe et al., 2009). The core 
damage creates extra uncertainties or errors in the measured data (Holt et al., 1996) 
as the cracks create extra space that can be identified as in-situ porosity or provide 
new pathways that can significantly influence porosity measurements. It is, further-
more, hard to correct for these artifacts, especially for bulk porosity measurements.  
2.4.2 Bulk porosity measurements  
Bulk porosity measurements like water loss porosity and MIP are generally carried out 
on relatively large, representative sample volumes. These bulk measurements deter-
mine the total or effective porosity for water loss porosity and MIP respectively. 
2.4.2.1 Water loss porosity 
One of the simplest porosity measurements can be determined by drying the sam-
ple. However, the sample needs to preserve the in-situ water, which is not always the 
case in fresh clay-rich samples (Desbois et al., 2014). Furthermore one needs to be 
sure that the sample is completely dry and that a part of the weight loss is not due to 
loss of clay bound water or because of burning of the organic matter (>115 °C 
Nielsen, 2005). As all samples investigated in this study were not fresh, no significant 
water loss porosity was expected for these samples. For the samples that were dried 
in an oven, for at least 24 hours at 80 °C, the water loss porosity was not significant 
(~1 %).  
2.4.2.2 MIP 
Another widely used technique is MIP, which measures the bulk porosity over a wide 
range of pore sizes. A rock sample is submerged in a container, known as a pene-
trometer, with liquid mercury and the pressure is increased up to 60,000 psi (Webb, 
2001). Due to the high fluid pressure the non-wetting mercury is pressed into the po-
rous network and enters pore throats down to 3 nm in diameter. The volume change 
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represents the pore space of the connected pores; hence only the connected po-
rosity, for pores with pore throats not smaller than 3 nm in diameter, is being meas-
ured. During mercury injection, the volume change is recorded, which represents the 
connected porosity at a specific capillary entry pressure (Pc; [Pa]), and can be con-
verted into a pore size distribution. By assuming cylindrical pores,  the curvature of 
the liquid meniscus is equal and the Young-Laplace equation can be simplified to 
the Washburn equation (Washburn, 1921);  
r
Pc
 cos2
            Equation 2.1 
where  is the interfacial surface tension [N/m],  is the wetting angle [°] and r is the 
pore throat radius in meters. However some precaution should be taken when inter-
preting the data form shales because of cracks in the sample, bottle-neck pores, 
anisotropy and compaction of the sample (Hildenbrand and Urai, 2003; Klaver et al., 
2015b). These issues will be discussed in detail in Chapter 6.  
2.4.3 Pore size measurements by imaging 
The advantage of imaging the porosity is that each individual pore can be studied in 
detail and allocated to a certain mineral phase, which is needed for example for 
pore-scale physics (Keehm et al., 2004). Next to studying the pores, the core dam-
age, like cracks, can be detected and excluded from the porosity analyses. 
2.4.3.1 MicroCT 
With CT a digital 3D model is created based on stacked X-ray images of cross-
sections of the scanned sample. The benefit of CT imaging is that the image data is 
in 3D and that it is a non-destructive tool; however, the voxel resolution is relative low: 
in the order of 1 mm down to below 1 m. Resolution and quality of the 3D model 
depends on the size and shape of the sample; the smaller the sample the higher the 
resolution and the more circular the sample the higher the quality. In shales, hardly 
anything can be distinguished in the CT scan using a low voxel resolution because of 
the small grain sizes (Figure 2.4A). 
 
Figure 2.4. Computer Tomography of Posidonia Shale, sample RWEP06. (A) Low resolution CT of a core 
piece with a voxel resolution of 100m. (B) High resolution MicroCT illustrating the mineralogy, in 
particular the pyrite (white), the voxel size is 2.2m (courtesy of J.O. Schwarz; Institute for Geo-
sciences of the Johannes Gutenberg University, Mainz). All axes values are in centimeters.  
Chapter 2: Background 
 
32 
 
A high resolution MicroCT image (Figure 2.4B), with a voxel size in the range of mi-
crometers, clearly shows the fine grained and heterogeneous nature of an organic-
rich shale. Nevertheless, this resolution is insufficient for imaging the pores in shales as 
the pore sizes are typically below several micrometers. The MicroCT data is ideal for 
quantitative and qualitative investigations on the mineralogy, organic matter and 
cracks in shales. All the MicroCT data presented in this study was acquired by the 
Institute for Geosciences of the Johannes Gutenberg University in Mainz, Germany. 
The image data was processed and viewed using the software of Avizo and Fiji 
(Avizo, 2011; Schindelin et al., 2012).  
2.4.3.2 FIB-SEM 
Another commonly used 3D tomography method for imaging shales is FIB-SEM (e.g. 
Bai et al., 2013; Curtis et al., 2010; Keller et al., 2011b; Sisk et al., 2010). With FIB-SEM a 
sequence of slices are imaged one after the other using SEM and each slice is milled 
away with a Focused-Ion-Beam (FIB) using Gallium ions (Holzer et al., 2004; Tomutsa 
and Radmilovic, 2003). The imaged volume is typically in the range of 5 × 5 × 5 to 20 
× 20 × 20 m3 with a voxel resolution of 5 - 20 nm, depending on the slice thickness 
and magnification used. Before the tomography starts, a Region of Interest (ROI) 
must be selected and a large opening must be excavated with the FIB to facilitate 
the scanning of the electron beam (Figure 2.5A and B).  
 
Figure 2.5. FIB-SEM setup. (A) Configuration of the SEM electron beam, FIB and shale sample. (B) BSE 
image of an organic-rich shale sample ready for FIB-SEM tomography.  
The FIB creates a smooth, damage free, planar surface by the ion milling, suitable for 
high resolution SEM imaging. The images are scanned by using a Secondary Electron 
(SE) detector and/or a Backscattered Electron (BSE) detector. The SE (SE2 or SE-
Inlens) detector scans the topography of each slice, imaging the pores. Mineralogy 
and organic matter can be distinguished using the BSE detector, which detects the 
electrons coming from the subsurface of each slice, which is directly linked to the 
atomic number of the material. After the image acquisition, the 3D model is recon-
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structed using advanced software like Fiji or Avizo (Avizo, 2011; Schindelin et al., 
2012). Features in the imaged shale sample like mineralogy or porosity are segment-
ed from the data based on the grey value intensity of the voxels (Figure 2.5B) by 
manual segmentation, simple thresholding or more advanced image processing 
techniques. The 3D reconstruction of the segmented porosity provides insight in the 
3D pore shapes, pore connections and enables pore network extraction relevant for 
simulating multiphase flow (Blunt et al., 2013). However, the ROI's are relatively small 
and might not enclose a Representative Elementary Volume (REV) (Keller et al., 
2013a). Therefore, before selecting a representative and relevant ROI in a heteroge-
neous shale sample, the larger structure needs to be imaged by BIB-SEM.  
2.4.3.3 BIB-SEM 
Pioneering work by Desbois et al. (2009) and Loucks et al. (2009), respectively from 
the Energy & Mineral Resources Group, RWTH Aachen University and the Bureau of 
Economic Geology, University of Texas at Austin, led to a new field of pore investiga-
tion in fine grained rocks. They started to study clays and shales using Argon (Ar+) 
Broad Ion Beam (BIB) milling in combination with SEM. This new method enables rela-
tive large sample areas, initially, 1 – 2 mm2, at nanometer resolution to be investigat-
ed using SEM (Figure 2.6). So, BIB-SEM is a 2D method, in contrast to FIB-SEM or 
MicorCT which images a 3D volume. However, in contrast to BIB-SEM, none of these 
3D techniques can image a large area (REA) at high resolution. Therefore, BIB-SEM 
bridges the gap between 3D scanning of large volumes at low resolution using 
MicroCT and 3D Tomography of small volumes at high resolution using FIB-SEM (Figure 
2.6A, B and C).  
 
Figure 2.6. BIB-SEM; link between MicroCT and FIB-SEM. (A) MicroCT showing the outline of the BIB cross-
section in a MicroCT sample (courtesy of J.O. Schwarz; Institute for Geosciences of the Johan-
nes Gutenberg University, Mainz). (B) BIB cross-section with segmented pores in blue and ROI 
indicated in purple for FIB-SEM. (C) Outline of a potential FIB-SEM tomography with some slices 
indicated in purple, the blue polygons highlight the segmented pore edges on the BIB cross-
section, imaged using a SE2 detector with SEM.  
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The large area provides access to a countless number of pores, from which pore ar-
ea and pore morphology can be determined. Core damage of various scales can 
also be detected and avoided during imaging. The mineralogy is studied by using 
the BSE detector and each pore can be assigned to a certain mineral phase. More-
over, as the BIB-SEM is limited to one ion-milled surface, one can always go back to 
the same location for a more detailed study, unlike FIB-SEM tomography which is a 
destructive method (Figure 2.5). Even though serial sectioning using BIB-SEM was suc-
cessfully carried out on salt (Desbois et al., 2013), the relatively large slice thickness 
makes BIB-SEM serial sectioning irrelevant for shales. Nevertheless, the 2D cross-
section obtained by BIB-SEM provides the essential link between MicroCT and FIB-SEM 
(Desbois et al., 2013) and enables up-scaling scenario's (Chapter 7). The BIB-SEM 
method and best practices are described in further detail in Chapter 3. 
2.4.3.4 WMI-BIB-SEM 
In addition to the BIB-SEM investigation on conventional samples, one can also study 
samples that are injected with Wood's Metal (WM). WM is a low-melting, non-wetting 
alloy that consists of 50 % Bismuth, 25 % Lead, 12.5 % Tin and 12.5 % Cadmium and 
has similar properties to mercury. The liquid WM, which melts above 70 °C, is injected 
in the rocks at high pressure, and as such it can be used as an alternative for MIP 
with the advantage that it is solid at room temperature. This allows the visualization of 
the solid WM in the pores after the Wood's Metal Injection (WMI) experiment using 
the BIB-SEM method. Before the BIB technology, these samples had to be studied on 
mechanically milled or broken surfaces, which hinders any accurate measurement 
of the filled nanopores (Figure 2.7A and B).  
 
Figure 2.7. Comparison between WM filled pores in a broken surface and a BIB polished surface. (A) WM 
filled pores (bright gray) in a broken surface of a clay sample (Hildenbrand and Urai, 2003). (B) 
WM filled pores (bright gray) in a BIB polished surface of a shale sample.  
The WMI-BIB-SEM method gives direct insight in the pore connectivity at relatively 
large areas (several REAs) and can be linked to smallest effective pore throat by the 
entry pressure. This is a relative less time consuming method compared to FIB-SEM for 
gaining insight in the pore connectivity. Moreover, potentially smaller pore throats 
can be reached by using high entry pressures compared to FIB-SEM. Because of the-
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se reasons it is a relevant method for studying the pore networks in mudrocks (Loucks 
et al., 2012). This method is explained in more detail in Chapter 6. 
2.5 Pore characterization in shales by imaging 
The advent of SEM allowed the microstructure of shales to be imaged. However, the 
images required a lot interpretation to distinguish the pores from the surrounding clay 
minerals and grains on broken (Figure 2.7) or mechanically polished surfaces 
(Bennett et al., 1991; Kwon et al., 2004; Slatt and O'Brien, 2011). Imaging the pores 
more accurately would allow pore classification, and after the ion milling had set 
ground in the shale characterization the number of different pore types increased 
rapidly (Loucks et al., 2012). For example: Desbois et al. (2009) described three pore 
types in the Boom Clay; Milliken and Reed (2010) found intergranular pores in weakly 
consolidated mud; Curtis et al., Schieber and Loucks et al. (2010; 2010; 2013) typed 
phyllosilicate (framework) pores; and organophyllic or organic (matter) pores in vari-
ous shales have been described (e.g. Curtis et al., 2010; Milner et al., 2010; Schieber, 
2010; Sondergeld et al., 2010). Recently, Loucks et al. (2012) proposed a new de-
scriptive classification for pores in mudrocks. They came up with three basic pore 
types, two related to the matrix named interparticle pores and intraparticle pores, 
and the other related to the organic matter named organic-matter pores (Figure 
2.8). Organic-matter pores are of particularly interest as they are linked to the ther-
mal maturity of the shale (2.2.2). However, organic-matter porosity tend to be highly 
variable (Chapter 6) and some primary variability of organic-matter porosity is sug-
gested by Reed at al. (2014). The fracture porosity is not part of this classification. 
Interparticle pores consist of pores between grains, crystals, clay platelets and pores 
partly surrounding rigid grains. Intraparticle pores contain intracrystalline and 
intraplatelet pores, pores within peloids, pellets and fossil pores, and dissolution-rim 
and moldic pores. Pore sizes are classified according to International Union of Pure 
and Applied Chemistry (IUPAC; Rouquerol et al., 1994) as follows: micropores have 
widths below 2 nm; mesopores have widths between 2 and 50 nm and macropores 
have widths above 50 nm. However, the term nanopore for pores below one mi-
crometer in size (Loucks et al., 2012) is also used in this thesis.  
 
Figure 2.8. Pore classification in mudrocks after Loucks et al. (2012).  
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Chapter 3: Workflow BIB-SEM 
method 
3.1 General remarks 
This chapter focuses on the workflow of the BIB-SEM method; from sample prepara-
tion to the final porosity analyses. The background and best practices regarding the 
sample preparation and SEM imaging are described in the first section. When the 
project started no fully integrated software was used that could deal with the hun-
dreds of images at various scales which contain different types of data. Therefore, a 
novel data management system had to be considered which is described in the se-
cond section. The third section describes the pore segmentation in detail. The final 
porosity analysis is explained in the last section.  
3.2 BIB-SEM 
3.2.1 Sample preparation 
The shale samples investigated in this study were stored under dry conditions in a 
plastic barrel. Theses samples contained no significant water (see also 2.4.2.1) as the 
samples came from relatively old wells. When fresh, wet samples are studied, they 
first need to be dried by means of vacuum, oven, room temperature, controlled hu-
midity or freeze drying methods (Houben, 2013). From the sampled material, usually a 
piece of a core (Figure 3.1A) or plug, smaller sub-samples, about 0.5 × 0.5 × 0.5 to 1.0 
× 1.0 × 0.5 cm3 (w × l × h; depending on the type of BIB machine, see also 3.2.2), 
were cut out dry with an ordinary electrical drill equipped with a diamond blade 
(Figure 3.1B). The rotation speed of the blade was continuously adjusted, promoting 
careful cutting and minimizing any additional core damage. After cutting, the sides 
of the sample were pre-polished using Silicon Carbide (SiC) paper. The edges of the 
sample have to be perpendicular to each other to facilitate the optimum sample 
setup for the BIB sample holder and hence provide the best ion-polished surfaces. A 
special polishing tool was used to polish the sides of the sample as needed (Figure 
3.1C). The samples were polished with the SiC paper going stepwise from a very fine 
grit down to an ultra fine grit (P2400), which has an average particle diameter of 
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about 10 m (Figure 3.1D). The residual surface roughness and remaining core dam-
age from the sampling is removed by ion milling. 
 
Figure 3.1. Sample preparation. (A) Shale sub-sample as received (B) Electric drill equipped with dia-
mond blade. (C) Polisher tool with mounted sample. (D) SiC-paper with various grits used for 
the mechanical polishing. 
3.2.2 BIB milling 
From the prepared samples up to 100 µm of material was removed by using the JEOL 
BIB cross-section polisher (SM 09010; Figure 3.2A). Usually, the side perpendicular to 
the sample bedding was ion-milled. A titanium mask is put on the top of the sample, 
leaving about 100 µm of material uncovered which will be bombarded with Argon 
ions (Figure 3.2B). The sample is oscillating during the ion milling to prevent curtaining 
of the polished section. Typically, the JEOL cross-section polisher produces a pseudo-
Gaussian shaped polished surfaces covering an area of 1 - 2 mm2 when operating 
for 7.5 hours at 6 kV and 150 µA. The BIB cross-section is a flat, planar surface with a 
relief of +/- 5 nm (Figure 4.2B).  
The SC-1000 SEMPrep (Technoorg Linda Ltd. Co., Budapest, Hungary) Argon ion mill 
was used for studying larger sample surfaces (Figure 3.2C). It can polish large sample 
surfaces of about 1 cm2 or cut into the sample at a slope (i.e., a slope cut) depend-
ing on the sample setup (Figure 3.2D). The sample is tilted at a certain angle (0 - 30°) 
during the surface polishing and it oscillates (+/- 10 - 90°) during the slope cutting. This 
machine is equipped with two ion guns: a high energy gun (2 - 10 kV) and a low en-
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ergy gun (0.1 - 2 kV). The high energy gun is used for fast ion milling and the low en-
ergy gun is used for final surface cleaning (Table 3-1). A Peltier module can be acti-
vated to cool the sample stage down to - 40 °C. Therefore this machine was mainly 
used for milling the temperature sensitive WM samples.  
 
Figure 3.2. Broad Ion Beam polishing machines. (A) JEOL (SM-09010) cross-section polisher. (B) Sample 
set-up with titanium mask that covers a part of the sample, the uncovered part is being ion-
milled while the sample oscillates. (C) SC-1000 SEMPrep ion mill. (D) sample setup for the BIB 
slope cutting and BIB surface polishing (courtesy of Technoorg Linda Ltd. Co., Budapest, Hun-
gary). 
The high vacuum (1 × 10-3 to 1 × 10-4 Pa) that is maintained during ion milling could 
cause drying cracks in clay-rich material. However, these are undistinguishable from 
primary drying cracks during storage.  
Table 3-1. Surface ion polishing recipe for the SC-1000 used for the WM samples. 
Step Energy ion source Anode [kV] Focus [kV] Milling angle [°] Time [min] 
      
1 High 10 5 6 90 
2 Low 1.0 0.7 9 15 
3 Low 0.4 0.28 9 15 
      
3.2.3 SEM imaging 
The shale samples were imaged using a state of the art Zeiss - Supra 55 field emission 
Scanning Electron Microscope (Figure 3.3A). This unique SEM also has an integrated 
BIB and can function at cryogenic temperature (Cryo); it is also known as the BIB-
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Cryo-SEM developed at the Energy & Mineral Resources Group, RWTH Aachen Uni-
versity (Desbois et al., 2013). The SEM operates under high vacuum (5 × 10-3 - 7 × 10-4 
Pa) with magnifications of 12 - 900,000x and an acceleration voltage between 0.1 - 
30 kV. The SEM is equipped with SE detectors (Inlens or Everhart-Thornley = SE2), a BSE 
detector and an Energy-Dispersive X-ray (EDX) spectroscope. Under optimal imaging 
conditions the resolution of the SE-detector is 1 nm at 15 kV and 1.7 nm at 1 kV. The 
smallest feature so far resolved in this study is about 5 nm (Figure 3.3B), which is signif-
icantly smaller than what is achievable with conventional optical microscopy. 
Typically, our investigation of porosity was done using the SE2 detector at an accel-
eration voltage of 3 - 5 kV, with a working distance between 4 and 12 mm. The min-
eral composition of the sample was determined qualitatively using the BSE detector 
and semi- quantitatively by the Energy-dispersive X-ray spectroscopy (EDX) detector 
(Figure 3.3C and D) at an acceleration voltage of 15 - 20 kV and a working distance 
of 8 – 9 mm. The SE-Inlens detector was mainly used for obtaining images that re-
quired a clear surface detail and a high depth of view.  
 
Figure 3.3. BIB-Cryo-SEM Zeiss Supra 55. (A) SE2 and EDX detectors are indicated. The BSE and SE-Inlens 
detector are integrated below the electron source inside the SEM chamber. (B) SE-Inlens im-
age showing a pore throat of 5 nm in a shale sample. (C) BSE image illustrating the density dif-
ferences between the minerals and organic matter. (D) EDX maps on the right show the Calci-
um counts (dark blue) indicating the carbonate grains and Potassium counts (green) and Sili-
con counts (cyan) indicating the clay minerals between grains in the BSE image (left). 
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3.2.3.1 Beam interaction 
The electrons emitted from the Schottky field emission source interact with the sam-
ple below the spot size which is known as the interaction volume. In the interaction 
volume the secondary electrons, backscattered electrons and X-rays are generated 
and detected with the SE, BSE and X-ray detectors respectively. The secondary elec-
trons are emitted from the outer shell of the sample atoms by inelastic scattering of 
the beam electrons. Backscattered electrons are beam electrons that have inter-
acted with the samples by elastic scattering and are scattered back, out of the 
sample. The beam electrons lose their energy along their trajectories because of ine-
lastic scattering and characteristic X-rays are generated. The higher the accelerat-
ing voltage and the lower the atomic number of the sample material the larger the 
interaction volume will be (Goldstein et al., 2007). However, as the X-rays originate 
from the subsurface, like the backscattered electrons but relatively deeper, they do 
not necessarily represent the actual elemental composition of the sample surface 
(Figure 3.4). 
 
Figure 3.4. Beam interaction volume. Indicated are the relative depths of generated secondary elec-
trons, backscattered electrons and characteristic X-rays. 
3.2.3.2 Coating 
As rocks are in generally poor conductors they get charged during SEM imaging. This 
results in poor images with halo's, bright and darker regions and other discontinuities 
(Goldstein et al., 2007). The charging can be prevented by metal sputter coating. 
The sputter coating creates a thin conductive layer on top of the sample. All the 
samples investigated in this study were sputter coated with gold for about 25 se-
conds. The samples can be studied in the SEM directly after the coating. 
3.2.3.3 SEM imaging and mapping of the BIB cross-section 
During imaging, the beam scans the sample in an x-y pattern to form the SEM image. 
The number of beam positions represents the total number of pixels in the SEM image 
and the pixel size can be controlled by the magnification (Table 3-2).  
Table 3-2. Magnification vs. pixel size 
Magnification Pixel size [nm] 
  
5000 58 
10000 29 
20000 15 
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The intensity of the detected secondary electrons depends on the topography of 
the sample. A topographic low gives relatively fewer counts of secondary electrons 
compared to the surrounding resulting in a lower gray value. This dark pixel repre-
sents a part of a pore on the sample's planar ion milled cross-section. The intensity of 
the detected back scattered electrons depends on the density of the sample. A 
high density material will result in a relatively large amount of backscattered elec-
trons resulting in a high gray value (Figure 3.3C). The type of mineral can be inter-
preted based on the detected characteristic X-rays, measured with the EDX (Figure 
3.3D). As the EDX measures only the elemental composition, further information is 
needed, such as X-ray powder diffraction (XRD), to validate the mineralogy (see also 
4.3.1).  
A conventional SEM image (1024 × 768) represents an area of about 50,000 nm2 at a 
magnification of 20,000x, which is only a fraction of the entire BIB cross-section. There-
fore, large areas at high magnifications were mapped using the stage scan function 
of the SEM. Typically, a representative ROI was selected, the desired magnification 
was set and the SEM imaging was then started. After each scanned SEM image the 
sample stage is moved laterally to an adjacent location keeping some overlap be-
tween 10 to 30 % (Figure 3.5). All SEM images combined form one large, up to sub-
Gigapixel, mosaic than can be studied in further detail using image software. 
 
Figure 3.5. Mosaic mapping of SEM images. Example from BSE images with 25 % of overlap, dashed 
boxes indicate the overlap and the arrows indicate the mapping trajectory. 
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3.3 Image data management 
The large BIB cross-section enables the acquisition of large numbers of high quality 
SEM images and EDX maps at various resolutions. This resulted in large amounts of 
digital data of several Gigabytes for each BIB cross-section.  
3.3.1 Image merging 
At first the hundreds of SEM images were merged into one mosaic using Autopano 
(Kolor, 2008). Identical points, like pores or minerals (Figure 3.5), are recognized au-
tomatically, and control points can be added manually where there is a lack of rec-
ognizable features. The SEM images are rendered into one mosaic using a bicubic 
interpolation algorithm.  
3.3.2 Geospatial Information System 
The vast quantity of mosaics and EDX maps are scaled, archived and processed us-
ing a Geospatial Information System software called ArcGIS (ESRI, 2010). The image 
data is not stored inside the ArcGIS file but is recalled by activating the layer in the 
table of contents (Figure 3.6). The GIS software allows different types of images (i.e., 
SE, BSE and EDX) at different scales to be worked on and compared simultaneously. 
The application of all kinds of image processing techniques using one of the many 
toolboxes, such as image smoothing, thresholding and image classification (Figure 
3.6) can be undertaken. Moreover, geometrical properties (e.g., area, perimeter, 
location, orientation, etc.) can be obtained from each single object which can easi-
ly be exported to Excel. In addition, each pore can be assigned to a certain mineral 
phase, either automatically using an overlay tool or by manually selecting. 
 
Figure 3.6. ArcGIS showing the EDX, BSE and SE2 data from a BIB cross-section. The pixel resolutions are 
1530, 29 and 14.7 nm, respectively. 
3.4 Pore segmentation 
The pores are distinguished from SEM images based on their characteristic gray value 
pattern and are the darker areas in the SE image (Figure 3.7). When the SE-Inlens de-
tector is used, we can also see detail in depth because of the higher depth of focus 
capabilities of the SE-Inlens detector and the pore edges show a bright rim. Besides, 
the SE-Inlens detector is more susceptible for charging (Figure 3.7A). These highlight-
ed pore edges and internal pore texture complicates a correct pore segmentation 
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by simple thresholding which would result into a smaller segmented porosity (Figure 
3.7A, C and D). On the contrary, imaging the same area with the SE2 detector gives 
the pore a more consistent gray value pattern without having the highlighted pore 
edges (Figure 3.7B and D). This simplifies the pore segmentation and therefore all SEM 
images acquired for the quantitative pore analyses were imaged using the SE2 de-
tector. However, because of artifacts like striation due to the ion milling, bubbles on 
top of the gold coating, gray value gradient along the mosaic and internal and 
complex structure of the pores segmentation of the pores remains difficult (Figure 
3.7E). Contamination or damage of the BIB polished cross-section by dust, bubbles 
and scratches on the coating also complicates the pore segmentation (Figure 3.7F). 
 
Figure 3.7. SE-Inlens vs. SE2 imaging and pore detection and artifacts. (A) Inlens image with the clear 
bright edge around the pores and bubbles due to the coating and charging effects on the 
sample surface. (B) SE2 image of the same area without the bright rims and the charging ef-
fects. Grey value pattern across the pores and sample surface, imaged with an SE-Inlens (C) 
and SE2 detector (D) along the colored lines as indicated in (A) and (B). Note the smaller pore 
width (arrow) in the SE-Inlens diagram of the largest pore compared to the SE2 diagram. (E) Ar-
tifacts on the BIB cross-section showing striation and bubbles. A complex pore edge is indicat-
ed obstruct the pore segmentation. (F) Dust particles and scratches on top of the BIB cross-
section. 
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3.4.1 Manual pore segmentation 
One way of segmenting the pores is by tracing the pore edges manually using a 
drawing tool or auto trace function in image software. This is a time intensive proce-
dure as one representative mosaic can easily consist of several 10,000’s of pores. 
However, the human eye is the best evaluator of image segmentation but the quali-
ty of the segmentation depends on the interpreter. Figure 3.8 shows a part of a SE2 
mosaic which was segmented by 7 individuals to compare the segmentation quality 
of the different interpreters. There are clear differences between the different seg-
mentations; some connect few pores into one (upper right pore, Figure 3.8) whereas 
others do not. Moreover, a wide spread of pore interpretations is visible in the bright 
edge of the largest pore (Figure 3.8). The differences in the pore segmentation are 
illustrated by the number of segmented pores and the total visible porosity in Table 
3-3. Even though these pores were only segmented from a small area, these obser-
vations illustrate that the manual segmentation is strongly depended on the inter-
preter. 
 
Figure 3.8. Comparison of manual segmented pores. Each color represents a another interpreter. 
Table 3-3. Number of pores and porosity manually segmented from Figure 3.8 by 7 persons. 
Person #1 #2 #3 #4 #5 #6 #7 Average (+/- stdev.) 
         
# of pores 42 41 36 33 36 32 26 35 (5.5) 
Porosity [%] 17.6 17.9 17.8 21.6 18.1 16.0 19.2 18.3 (1.7) 
         
3.4.2 Automatic pore segmentation 
An automatic pore segmentation algorithm (Kempin, 2012) was developed in order 
to perform the pore segmentation in a faster and consistent way by using advanced 
image processing techniques in MATLAB (MathWorks, 2010b). This algorithm was es-
pecially designed for BIB-SEM images at the Lehr - und Forschungsgebiet für 
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Geologie - Endogene Dynamik (now Structural Geology, Tectonics and 
Geomechanics; the energy and Mineral Resources Group), RWTH Aachen University.  
Basically the algorithm involves three steps: pre-processing, seeding and growing. In 
the first step the noise is removed using a medium rank order filter. After noise re-
moval the shades are removed and the surface is normalized to 1 (= white; 100 % 
confident surface). These shades are caused by differences in brightness and con-
trast in the SEM mosaic and striation (Figure 3.7E). The second step involves the seed-
ing, or localizing, of big and small pores. For seeding of the big pores, every dark pixel 
far away from the surface gets a rating for being a seed point (= a pore). Small pores 
are characterized by a high frequency change in brightness and therefore can be 
seeded by using unsharp masking with a median filter (Kempin, 2012). The final step 
involves growing of the seed point up to a local threshold. This local threshold is de-
termined by the highest average gradient along the contour of the segmentation. 
All these steps are done in two modes: tuning mode and mosaic mode. In the first 
mode the seeding parameters are set by the operator on a smaller part of the mosa-
ic and are saved in a log file. In the mosaic mode the algorithm segments the entire 
mosaic using the settings from the log file. The algorithm shortened the time spent on 
the pore segmentation significantly, from about one month using manual pore trac-
ing down to about one hour using the algorithm. Another advantage is that each 
segmentation can be easily repeated by using the log file. A comparison between 
the manual and automatic segmented pores, for pores larger than the practical 
pore resolution (PPR; see 3.5.2), is presented in Figure 3.9.  
The pore segmentations are of three BIB-SEM mosaics from Posidonia Shale samples. 
It shows that the total number of automatically segmented pores are close to the 
manual segmented pores (Figure 3.9A). The total visible porosity of the manual seg-
mented pores is larger or equal compared to the automatically segmented pores. 
This might be because of the type of segmentation, the manual segmented pores 
show on average a lower circularity (Figure 3.9B) as the manual segmentation is less 
smooth (more angular). For the manual segmented pores this results in a small over-
estimation of the larger pores and a small underestimation of the smaller pores. 
However, the differences are relatively small and acceptable. Besides, the automat-
ically segmented pores are checked and corrected where high confidence in pore 
segmentation quality is needed. 
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Figure 3.9. Comparison between manual and automatic segmented pores. (A) Pore size distributions of 
the automated and manually segmented pores, larger than the practical pore resolution, from 
the three different mosaics. The number of pores and the total visible porosity is given in the 
legend and note the logarithmic scale for the frequencies. (B) Comparison of the average cir-
cularity of each pore size class between the automated and manually segmented pores. The 
largest pores have in general the lowest circularity. 
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3.4.3 Manual correction 
A major part of the overall segmentation quality depends on the quality of the SEM 
imaging and BIB ion milling (Figure 3.7 and 3.4.2). Another important factor is the size 
of the pores. In general, the larger the pores the longer the pore edge, which auto-
matically gives a higher chance of false segmentation. The pore segmentations are 
evaluated and corrected manually using the polygon tool in ArcGIS. The most prom-
inent segmentations errors are shades segmented as pores, internal structure of the 
pore and a narrow pore throats splitting one pore in two (Figure 3.10). The amount of 
pores that had to be corrected is in the order of a few percent. 
 
Figure 3.10. Manual correction of automatically segmented pores. The red polygons are the mistaken 
pore segmentations. 
3.4.4 Pore segmentation of the FIB-SEM images stacks 
Pores from the FIB-SEM tomographies are also segmented based on their gray value 
intensities. Some studies segment the pores from BSE images (Bai et al., 2013; Curtis et 
al., 2012b) but the organic matter in these shales makes it difficult to really see the 
pore boundary in the organic matter as both organic matter and pores are dark 
gray in the BSE images (Figure 3.11). Therefore, the FIB-SEM image stacks presented in 
this study were also acquired with the SE2 detector. However, the scanned surface 
cannot be coated during the FIB-SEM slice and view process. As a result the SE2 im-
ages can contain charging (Figure 3.11), and some density differences are still visible, 
representing different mineral phases. These factors plus the similar artifacts as men-
tioned in section 3.4.2 complicate the accurate automatic pore segmentation. 
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Hence, the pores in the FIB-SEM stacks presented in this study were segmented using 
simple thresholding and were manually in corrected in Avizo.  
 
Figure 3.11. Pore segmentation of a FIB-SEM image illustrating the missed false segmented pores in the 
organic matter. 
3.5 Porosity analysis 
After the pore segmentation, the visible porosity can be calculated by dividing the 
total amount of pore area by the imaged area. The calculated visible porosity de-
pends on the resolution of the SEM images and the practical pore resolution (PPR) of 
the imaged area. Therefore, in order to yield representative results, the Representa-
tive Elementary Area (REA) needs to be determined. Also, the 2D visible porosity in 
REA is a good estimate of the 3D bulk porosity according to the principles of stereol-
ogy (Underwood, 1970). 
3.5.1 Representative Elementary Area 
As mentioned before the advantage of the BIB-SEM method is the relative large im-
aged area. The large BIB milled cross-section of 1 – 2 mm2 enables the imaging of a 
REA in shales which consist mainly of small grains (< 62.5 m, Figure 2.2). In an area 
larger than the REA the porosity measurement is independent of the imaged area 
(VandenBygaart and Protz, 1999), up to at least the scale of the BIB cross-section, as 
the laminae in shales can be highly heterogeneous due to changing environmental 
conditions or sedimentary processes (Potter et al., 2010; Schieber, 1990). To under-
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stand what this represents at larger, centimeter or meter, scales other techniques like 
CT (2.4.3.1), core descriptions and logging are necessary.  
The REA is determined by counting the amount of certain pixels in the SEM mosaic at 
various box sizes, this is also known as box-counting. As the porosity is strongly con-
trolled by the mineralogy (Loucks et al., 2012), the amount of pixels of various miner-
als like organic matter, carbonate and pyrite are counted. The residual area is inter-
preted as the clay-rich matrix in this study. The first three phases are segmented from 
the BSE mosaic based on their gray values (Figure 3.12).  
 
Figure 3.12. Determination of the Representative Area. (A) BSE mosaic of a BIB cross-section from the 
Haynesville Shale. (B) darkest gray values represent the organic matter and pores. (C) Brightest 
gray values represent the heavy phases, like pyrite. (D) Light gray values represent the car-
bonate minerals. (E) Segmentation of the BSE image obtained by thresholding of the BSE mo-
saics with typical gray value intervals for organic matter (brown), Pyrite (red), carbonate 
(green) and the residual phase representing the clay-rich matrix (gray). The rectangles show 
the boxes for the box-counting. 
The organic matter and pores are the darkest gray values and the heaviest phases 
like pyrite have the brightest gray value (Figure 3.12B and C). The intermediate phas-
es are the carbonate minerals and the clay-rich matrix (darker; Figure 3.12D). The 
mineral phases are segmented, based on their specific gray level intervals, by 
thresholding. The box-counting is applied on this segmented BSE mosaic (Figure 
3.12E) and the relative amounts are plotted against the box-size and when the rela-
tive contents are stable, the REA is reached. The underlying assumption is that the 
porosity is controlled by the mineralogy (Houben, 2013).  
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3.5.2 Practical pore resolution 
The smallest pore that can be imaged is equal to the pixel size. However, a minimum 
amount of pixels is required to be confident that all pores above a certain size are 
segmented. This is what we call the practical pore resolution (PPR). The PPR is con-
trolled by the shape and orientation of the pores. The minimum number of pixels 
needed to accurately trace a pore is in the order of 10 to 20 pixels (Figure 3.13). 
 
Figure 3.13. SE2 images with increasing pixel size and segmented pores from image (A) at 25.000x mag-
nification. At a magnification of 12500x (B) the green pore is not imaged anymore as the pore 
area is larger than the pixel size.  
3.5.3 Pore size distributions 
The pore segmentation provides us with a database of ten thousands of individual 
pores that all have their unique cross-sectional pore area. These pore areas can be 
presented in a histogram as frequencies vs. pore sizes, known as Pore Size Distribution 
(PSD); however, because of the wide ranges of pore sizes we double the bin width 
sizes to avoid any empty bins (Figure 3.9A and Figure 3.14B). The frequencies are 
normalized by the mosaic area and bin width, to enable comparison between the 
different PSDs as they are acquired from different mosaic sizes (Equation 4.1). Finally 
the log of these normalized frequencies and the log of their particular pore areas are 
calculated and plotted (Equation 4.2). These normalized frequencies are plotted vs. 
the mid of each bin (Chapter 4 and 8) or the average pore area in each bin (Chap-
ter 5). Typically, for pores larger than the PPR, this kind of pore data tend to follow a 
linear function with slope D (see Figure 3.14A - C for an example) or power law ex-
ponent D (in a log-log diagram). We assume that pores tend to follow a self-similar 
distribution and that the deviations from the power-law fit are due to the natural var-
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iations within the shale. The relative amounts of large and small pores controls the 
power law exponent, the D value with: 
 D = 2 indicates that every bin, representing a certain pore size interval, con-
tributes the same to the porosity (green markers Figure 3.14D);  
 D > 2 indicates that the smaller pores contribute more to the porosity than the 
larger pores (red and cyan markers Figure 3.14D); 
 D < 2 indicates that the larger pores contribute more to the porosity than the 
smaller pores (blue and purple markers Figure 3.14D).  
The porosity for a given D is controlled by the intercept (Figure 3.14C; or Log C Equa-
tion 4.1), in such a way that a high porosity leads to a high intercept. These normal-
ized PSD can be used to compare different samples and to estimate the amount of 
small pores (<PPR) which are undetected by the SEM. 
 
Figure 3.14. Artificial pore model based D values. (A) Five examples of pore distributions with different D 
values, see the legend correspond with the D value. (B) PSDs of (A). (C) Normalized frequency 
distribution of (A) with slopes corresponding with D. (D) Cumulative porosity of (A). 
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Chapter 4: BIB-SEM study of the 
pore space morphology in early 
mature Posidonia Shale from the 
Hils area, Germany 1 
Abstract 
This contribution reports on the study of the pore space morphology in two early 
mature (VRr = 0.59 and 0.61) samples of Posidonia Shale from the Hils Syncline in 
Germany, using Broad Ion Beam (BIB) polishing and high resolution Scanning 
Electron Microscopy (SEM). This allows imaging pores with resolution down to 10 
nm in equivalent diameter (Øeq), and quantitative estimation of porosity. Using a 
combination of BSE and SE detectors and semi-automatic segmentation of the 
gigapixel images, the representative elementary area of the samples, on the 
scale of a few mm, is inferred to be about 140 × 140 μm2. Pore morphologies and 
pore sizes are clearly related to the mineral fabric, with large differences: very 
large (typically several microns) pores with internal faceted crystal morphology in 
recrystallized calcite clasts, and smaller pores (Øeq < 1024 nm) in clay-rich matrix 
and in cf. Schizosphaerella nanofossils (typically 200 nm). Pores are less common 
in organic material and in pyrite aggregates. Pore characteristics are very similar 
for both samples, and porosity resolvable by BIB-SEM is 2.75 and 2.74 %. Pore size 
distribution can be described by a power-law, with an exponent about 2.0 and 
2.2, respectively, for the pore population excluding the fossils. Pores in the car-
bonate fossils show dual-power-law distribution with power-law exponents of 
about 1 and 3. By extrapolating the power-law distribution for each sample, total 
porosity is estimated to be 4.8 % (−0.9, + 1.7 %), and 6.5 % (−2.7, + 7.2 %), respec-
tively. This estimate can be compared with 3.4 – 3.7 and 3.3 – 3.6 % as measured 
by Mercury Intrusion Porosimetry (MIP). We interpret this difference to reflect the 
unconnected (for mercury) part of the porosity. Comparison of imaged pores 
                                                
1 Klaver, J., Desbois, G., Urai, J.L., Littke, R., 2012. BIB-SEM study of the pore space morphology 
in early mature Posidonia Shale from the Hils area, Germany. Int. J. of Coal Geol., 103, 12-25. 
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and MIP suggest a very high pore body to pore throat ratio. This results in a pore 
model where large pores, represented mainly by pores in fossils and calcite 
grains, are connected via a low-porous (and low-permeable) clay-rich matrix 
with pore throats below 10 nm in both samples. 
Keywords: Posidonia Shale; Broad Ion Beam milling; SEM imaging; Pore morphology; 
Pore size distribution; Mercury Intrusion Porosimetry 
4.1 Introduction 
Petrophysical properties of organic-rich shales are of special interest due to the 
growth in exploration and production of gas shales. In central and western Europe, 
one of the potential gas shales is the Lower Jurassic (Toarcian) Posidonia Shale which 
is wide-spread and known as the principal source rock for petroleum in the North 
German Basin, the Upper Rhine Valley and the Paris Basin. A gas shale is both the 
source and the reservoir of the gas, and pores are the reservoirs of free gas (Bustin et 
al., 2008). Decrease of shale porosity with depth is well known (Aplin et al., 2006; 
Broichhausen et al., 2005) but the relative roles of mechanical compaction and 
diagenesis are still not well understood. Quantifying the pore structure is still challeng-
ing in low porous and low permeable rocks, due to a lack of an appropriate method 
to investigate directly sub-micrometer structures in representative area and volume. 
The most popular conventional bulk porosity measurements are performed by Mer-
cury Intrusion Porosimetry (MIP) and gas adsorption porosimetry. MIP measures pore 
size down to 3 nm in diameter but only from the connected part of porosity and in-
terpretation of the measurements is based on a simplified model of cylindrical pore 
tubes (Washburn, 1921) which does not reflect the complexity of natural pore net-
work. Therefore, pore sizes inferred from MIP are underestimated due to the ink-bottle 
effect (Münch and Holzer, 2008) and give only information about pore throat size. 
Moreover, during the omnidirectional injection at high pressure, pore collapse is pos-
sible when an effective stress is created by the capillary pressure and gradients in 
saturation in the sample (Hildenbrand et al., 2005; Hildenbrand and Urai, 2003). With 
gas adsorption, BET surface area can be measured (Brunauer et al., 1938), and pore 
size distribution can be calculated (Barrett et al., 1951; Schull, 1948) down to 0.3 nm 
in diameter. However, these data are still only related to the connected porosity and 
are based on a simplified model. Both methods lack direct information about pore 
morphologies and the relation of porosity to mineralogy and microstructures. In con-
trast, recent developments of ion beam milling allow study of porosity and micro-
structure on high quality flat surfaces in SEM (Desbois et al., 2009). This research on 
nanopores in low porous rocks has grown rapidly in recent years (e.g. Bernard et al., 
2012a; Chalmers et al., 2009; Chalmers et al., 2012a; Curtis et al., 2011a; Holzer and 
Cantoni, 2011; Milner et al., 2010; Passey et al., 2010; Schieber, 2010; Schneider et al., 
2011; Slatt and O'Brien, 2011; Wang and Reed, 2009), see Loucks et al., (2012) for a 
thorough overview and pore classification. Serial cross-sectioning with Focused Ion 
Beam (FIB) milling in combination with SEM is able to deliver a 3D model of pore 
space (Ambrose et al., 2010; Curtis et al., 2012b; Desbois et al., 2009; Heath et al., 
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2011; Keller et al., 2011a; Sisk et al., 2010; Sondergeld et al., 2010) but the studied vol-
ume is limited, typically 10 x 10 x 10 m3 and usually not representative. Complemen-
tary to these methods, a combination of Broad Ion Beam (BIB) milling and Scanning 
Electron Microscopy (SEM) allows imaging of large (greater than mm2) planar, un-
damaged surfaces. This technique is suitable for the qualitative and quantitative 
study of microstructures and porosity, in representative elementary areas. This com-
bined BIB-SEM technique to quantify the pores was used on claystones from refer-
ence sites for waste disposal (Desbois et al., 2009; Hemes et al., 2011), salt (Desbois et 
al., 2012), tight gas sandstones (Desbois et al., 2011b) and on other, organic-rich, 
shales (Loucks et al., 2009).  
The major goal of this study is to obtain pore size distributions, quantify the porosity 
and to study the pore morphology in representative areas, on the scale of the BIB 
cross-section, of two early mature Posidonia Shale samples from the Hils Syncline, 
Germany, using BIB-SEM. In addition, the bulk porosity is estimated and compared to 
MIP. Here the physical porosity (Pearson, 1999) is studied in the meso- to macropores 
range (Nelson, 2009; Rouquerol et al., 1994). The BIB-SEM results are compared with 
MIP data to infer the properties of the pore network, and to formulate a conceptual 
pore model. 
4.2 Samples and geological setting 
Both samples are from a Toarcian shale interval known as the Posidonia Shale (or Lias 
Epsilon), from the Hils Syncline in northern Germany (Figure 4.1). The Posidonia Shale 
in the Hils Syncline was drilled and completely cored in several shallow boreholes in 
the 80's and comprehensive studies were done by several authors (Bernard et al., 
2012a; Jochum et al., 1995; Littke et al., 1988; Littke et al., 1991a; Littke et al., 1991b; 
Mann, 1987; Mann and Müller, 1988; Rullkötter et al., 1988). The cored shale intervals 
represent a large maturity range from very early mature to overmature gas window. 
The reason for the partly high maturity in this area is discussed and attributed to either 
a Late Cretaceous magmatic heating or to deep burial during the Late Jurassic and 
Early Cretaceous (Bartenstein et al., 1971; Petmecky et al., 1999). The Posidonia Shale 
consists of two units: an upper calcareous shale, and a lower marlstone (Littke and 
Rullkötter, 1987). Mann (1987) found, based on XRD, that a typical calcareous shale 
consists of 43 % clay minerals, 37 % calcite, 15 % quartz and feldspar and 5 % pyrite; 
whereas a typical lower marlstone consists of 35 % clay minerals, 50 % calcite, 11 % 
quartz and feldspar and 4 % pyrite. The origin of the calcite are mainly coccoliths 
and other plankton-derived microfossils (Littke et al., 1991a), of which a part is re-
crystallized depending on the thermal maturity (Rullkötter et al., 1988). Vitrinite reflec-
tance varies from 0.48 in the southeast to 1.45 in the northwest (Rullkötter et al., 1988). 
MIP porosities have been measured and range between 2.4 and 22 % (Mann, 1987) 
and a weak dependency of VRr is seen. One geochemical Scanning Transmission X-
ray Microscopy (STXM) and Transmission Electron Microscopy (TEM) study has been 
done recently on the Posidonia Shale (Bernard et al., 2012a) indicating intraparticle 
pores of 1-50 nm in the organic matter for the mature samples which is consistent 
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with work done by others (Chalmers and Bustin, 2008; Chalmers et al., 2012a; Curtis et 
al., 2011b; Loucks et al., 2009; Ross and Bustin, 2009; Sondergeld et al., 2010). This con-
tribution is based on two samples, known as RWEP06 and RWEP08. Both samples are 
thought to be dry as they were stored under normal atmospheric conditions. 
 
Figure 4.1. Geological setting of the samples. (A) Location of the Hils area, south of Hannover, Germany. 
(B) Geological map of the Hils Syncline after Mann (1987). Isovitrinite reflectance contours after 
Bartenstein et al. (1971) and Koch and Arnemann (1975). Vitrinite reflectances from well data 
are plotted as dots after Littke et al. (1988). Names of stratigraphic units are given in the leg-
end. 
4.3 Methods and approaches 
4.3.1 XRD analysis, incident light organic petrography and Rock Eval pyrolysis 
X-ray powder diffraction (XRD) analysis was performed on both RWEP06 and RWEP08 
using a Bruker D5000 at the Geological Institute Aachen (GIA) RWTH Aachen Universi-
ty. Quantification of the different minerals was done using the Rietveld Method 
(TOPAS), with special attention for clay (Kahle et al., 2002). In order to study the sam-
ples in incident white light and in an incident light fluorescence mode, polished sec-
tions of whole rocks were prepared in orientation perpendicular to bedding following 
the procedure described in Sachse et al. (2011). Vitrinite reflectance was measured 
in oil immersion with magnification of 50 times following standard procedures. An Yt-
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trium-Alluminium-Garnet (R = 0.89 %) was used for calibration. Reflectance meas-
urements followed standard procedures as described in Taylor et al. (1998) and de-
tails of the microscopic equipment are described in Littke et al. (2012). Vitrinite reflec-
tance was measured on 49 - 58 points of RWEP06 and RWEP08 respectively, and 
mean values were calculated. It should be noted that autochthonous vitrinite is rare 
in Posidonia Shale, whereas resedimented vitrinite and inertinite are much more 
common (Littke et al., 1988). However, the dominant macerals are liptinites (alginite). 
Rock-Eval pyrolysis was done according to Espitalié et al. (1977). 
4.3.2 Sample preparation 
Core fragments were stored at room temperature in a plastic air-tight container. 
Subsamples (~0.5 x 0.5 x 0.5 cm3) were cut with a saw blade and pre-polished using 
Silicon Carbide (SiC) sandpaper to reduce roughness from sawing down to 10 m. 
Surface damage induced by SiC polishing was removed by argon BIB polishing 
which removed a 100 m thick layer from the surface. The size of a typical BIB pol-
ished cross-section is 1 - 2 mm2 (Figure 4.2A). Samples were BIB Argon polished in a 
JEOL SM-09010 cross-section polisher (8 hours, 1 x 10-3 - 1 x 10-4 Pa, 6 kV, 150 A) to 
produce a high quality, planar cross-section with topography less than ± 5 nm as 
measured by AFM (Figure 4.2B) and very sharp edges at pore boundaries.  
 
Figure 4.2. BIB cross-sectioning. (A) Typical overview of a BIB polished cross-section made in sample 
RWEP06 with area of about 1 mm2. The dashed line indicates the contour area of the cross sec-
tion. (B) The topography map measured by Atomic Force Microscopy (AFM) on the BIB-
polished shale surface from (A) shows an amplitude of ± 5 nm. (C) Zoom in into the BIB cross 
section allows imaging pores into 2D flat surface down to the SEM resolution. Comparison of 
pore segmentation methods based on thresholding versus semi-automated segmentation. Ar-
rows indicate a resolved pore close to the practical pore resolution of the SEM. 
The BIB polished cross-sections were Au-coated and imaged in a Zeiss Supra 55 SEM 
with a Back Scatter Electron detector (BSE) for phase contrast imaging and a Sec-
ondary Electron detector (SE2) for topography investigation up to a magnification of 
30,000 corresponding to a pixel size of 10 nm. From BIB cross-sections, large areas 
were selected to be imaged (SE2) at magnifications of 10,000, 20,000 and 30,000 
times using 10 - 20 % of overlap to create a large representative mosaic made of 
hundreds of single images (Table 4-1) to study the pores down to the resolution of 
SEM. A minimum of 10 pixels was shown to be the practical pore resolution, i.e., all 
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pores with a minimum size of 10 pixels are detected (Figure 4.2C). Mosaics made with 
the BSE detector were imaged at a magnification of 1,500, 2,500, 5,000 and 15,000 
times to gain qualitative information about the mineralogy. An energy-dispersive X-
ray spectroscopy (EDX) detector was used for semi-quantitative chemical composi-
tion analysis. 
Table 4-1. Mosaic properties for samples RWEP06 and RWEP08. 
Sample  Mosaic Magnification 
Images 
[#] 
Pixel size 
[nm2] 
Practical pore resolution 
[nm] 
      
RWEP06 I 30,000 120 10 × 10 = 36 
RWEP06 II 10,000 169 29 × 29 = 104 
RWEP08 I 20,000 144 15 × 15 = 54 
      
4.3.3 Image processing and pore segmentation 
Single images were stitched together with a bicubic interpolation algorithm in 
Autopano 2 (Kolor, 2008) to build large mosaics preserving the pixel resolution. Pores 
were segmented semi-automatically in ArcGIS 10 (ESRI, 2010) from mosaics of SE2 
images by using the contour tool in the 3D Analyst toolbar in ArcGIS (Figure 4.2C). 
With this tool the pore boundary of each single pore is selected by the user and a 
contour at that specific gray value is drawn around the pore by ArcGIS. If the result is 
not satisfactory, the contour can be deleted or edited. Using this method, segmenta-
tion is faster than full manual interpretation. After segmentation pores were analyzed 
in MATLAB 2010b (MathWorks, 2010b) with PolyLX (Lexa, 2010). Cracks were interpret-
ed as core damage due to stress relaxation after sample collection and were re-
moved during analysis. 
Segmentation of mineral phases was achieved by using gray value patterns from BSE 
images validated by a combination of EDX and XRD investigations. Because of low 
gray value contrast, quartz, mica and carbonate fossils were segmented manually 
(Figure 4.3). 
4.3.4 Representative elementary area 
The representative elementary area (REA) was determined with the box counting 
method (Kameda et al., 2006) on the classified BSE mosaic of samples. Thus, (as 
shown in Figure 4.4), gray values from BSE mosaics that were ranked in ArcGIS were 
first attributed to the phases organic matter, clay matrix, calcite and pyrite. Then, a 
stepwise growing box was applied to the classified BSE image. At each increasing 
box size the amount of the different phases present in that box was calculated in the 
box. This process was repeated for several different starting points in the mosaic. At a 
given box size the individual contribution of each phase to the overall composition 
does not significantly change. This area is interpreted to be the REA on the scale of 
the BIB cross-section.  
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Figure 4.3. Mineral fabric and classification of mineralogy in sample RWEP06. (A) BSE mosaic image give 
map of mineral phase contrast. (B) Identification of mineral is helped by using EDX detector 
which provide semi quantitative chemical analysis of BIB-cross sections. Chemical elements 
identified are given in the legend. (C) Overlapping of information from mineral phase contrast 
mapping and chemical composition mapping, which results in a segmented BSE mosaic im-
age with classified mineralogy. Segmented mineralogy is given in the legend. 
Chapter 4: BIB-SEM study of the pore space morphology in early mature Posidonia Shale from the Hils 
area, Germany 
60 
 
 
Figure 4.4. Principle of representative elementary area calculation (REA). (A) BSE mosaic image are 
segmented in respect to the different mineralogy phases based on grey values segmentation 
and help of EDX maps (B). A stepwise growing grid is placed on the top of the image in (B) to 
perform the box counting method based mineralogy. (C-F) report evolution of mineralogy 
content with increasing box size and for different starting points for organic matter (A, E) and 
Pyrite (D, F) phases and both samples RWEP06 and RWEP08. Dashed line in (C-F) indicates the 
box size where the overall composition is stable, pointing to REA. 
4.3.5 Pore size by mercury intrusion and extrusion 
For comparison with the BIB-SEM-based pore data, MIP was performed on both sam-
ples at Micromeritics Analytical Services Europe, Aachen, Germany. Mercury intrusion 
and extrusion analysis was done in the 360 - 0.003 micrometer pore throat range. 
Samples to be analyzed were dried at room temperature in vacuum (1 x 10-3- 1 x 10-4 
Pa) for 30 hours. No significant change in weight was measured, as expected. Pore 
throat radius distribution calculations are based on the Washburn equation 
(Washburn, 1921). Pressures used for intrusion were up to 414 MPa corresponding to a 
pore throat diameter of 3 nm (Hg surface tension = 0.485 N/m, contact angle = 130°). 
Extrusion of the mercury takes place at decreasing pressure steps. Difference in intru-
sion and extrusion mercury volumes give trapped mercury volumes due to the pore 
body to pore throat differences. Pore body to pore throat ratios can be calculated 
from MIP (Cerepi et al., 2002; Janssen et al., 2011; Webb, 2001). Measurements were 
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corrected for blank errors and conformance errors (Sigal, 2009). After drainage, the 
samples were weighed to measure the amount of mercury remaining in the samples. 
4.3.6 Power-law distribution and porosity nomenclature 
For comparison of the pore size distributions in the different mosaics and samples, 
pore data are analyzed as normalized discrete frequency as a function of pore ar-
ea: 
D
pore
mosaici
i CS
Sb
N            Equation 4.1 
or alternatively; 
  LogCSLogD
Sb
N
Log pore
mosaici
i 





.        Equation 4.2 
where Ni is the number of pores with pore area Spore within bin bi, where bi doubles 
each next bin, except for the first bin (1, 1, 2, 4, 8, etc., with corresponding bounda-
ries at 1, 2, 4, 8, 16, etc.). Smosaic is the surface area of the current mosaic, C is a con-
stant and D is the power-law exponent. When the pore size distributions follow a 
power-law we interpret this as self-similar. The pore size distributions are plotted and 
the best fit is calculated between the largest pore and the practical pore resolution  
 
Figure 4.5. Illustration and interpretation of a power-law distribution of pore area. Represented in the 
form of the logarithm of normalized frequency of pore as a function of the logarithm of binned 
pore area (Equation 6.4.2). Black-filled circles are pore area fully resolved whereas white-filled 
circles are pore area still detectable but not fully resolvable at BIB-SEM resolution. SEM pixel 
resolution and the largest pore visible in images bound the data set; the practical pore resolu-
tion marks the change between fully resolved and under resolved pore area. In the domain 
bounded by the practical pore resolution and the largest pore (i.e. range of validity), the data 
are linear distributed suggesting the self similarity of pore area distribution. The black thin line 
indicates the best linear fit of the fully resolved defined by the slope D (i.e. the power law ex-
ponent) and the y-coordinate at origin Log[C], the dashed-line the error on linear fit centered 
on the gravity point of data and the dotted-line the 95 % confidence bounds for the best linear 
fit. 
This fit is later used for the extrapolation of the pore size distribution down to the pore 
sizes, which are not detectable at the resolution of the SEM. The 95 % confidence 
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levels and the outermost linear fits of the log-log data are plotted as a measure of 
uncertainty for the best fit.  
We adopted the following nomenclature. The porosity (of phase (θ) in sample (N) 
inferred by the method (M) at the given resolution (X) is given by: XM
N
;
; , if the porosity 
is extrapolated from data and not measured, the same porosity is then indicated by 
the symbol (*). Thus, in this case the symbol *;
;
XM
N  . Therefore, for example, the total (T) 
porosity measured by BIB-SEM (BIB) method down to 36 nm in sample RWEP06 (06) 
made of organic matter (OM), clay matrix (CM), calcite (C), pyrite (P) and fossils (F) is 
written as following: 
36;
;06
36;
;06
36;
;06
36;
;06
36;
;06
36;
;06
36;
;06
36;
;06
BIB
F
BIB
NF
BIB
F
BIB
P
BIB
C
BIB
CM
BIB
OM
BIB
T      Equation 4.3  
Where 36;
;06
BIB
NF  represents the porosity associated with non-carbonate fossil phases. A 
list of symbols used to specify all possible M, X, N and θ terms used in this paper is giv-
en in Table 4-2. 
Table 4-2. Definitions of symbols and terms is used to describe porosity. 
Symbol  Definition Range 
   
 Porosity 0 – 100 % 
N Sample nr. REWP06, RWEP08 
θ Phase T = Total, OM = organic matter, CM = clay-rich matrix, 
C = Calcite, F = Fossil, P = Pyrite, NF = Non-Fossil 
M Method BIB = BIB SEM or MIP = MIP 
x Resolution resolvable 36, 104, 54 (for BIB-SEM), 3 (for MIP) nm 
* Extrapolated - 
   
4.4 Results 
4.4.1 XRD analyses, organic petrography, organic carbon content and Rock-Eval 
pyrolysis 
XRD analyses show that both samples RWEP06 and RWEP08 consist, respectively, 
mainly of calcite (44 % and 57 %), quartz (18 % and 17 %) and pyrite (4 % and 4 %), 
together with phyllosilicates of the muscovite/illite (14 % and 8 %) and kaolin-
ite/clinochlore (9 % and 6 %). The other components consist of a mixture of albite, 
anhydrite, nacrite, chlorite, anorthite and siderite counting for about 10 % of the total 
content (11 % for RWEP06 and 8 % for RWEP08). RWEP06 has a TOC of 6.05 with mean 
vitrinite reflectance (VRr) of 0.59 % whereas RWEP08 has a TOC of 8.14 with average 
VRr of 0.61 %. Rock-Eval S1 and S2 peaks indicate a type I-II kerogen (Figure 4.6A). 
Table 4-3 summarizes all compositional data for the two samples. Moreover, both 
samples are rich in brightly fluorescing alginite, but only sample RWEP06 contains 
Tasmanales algae as a common constituent (Figure 4.6B). 
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Table 4-3. Mineralogical composition obtained by XRD analyses, TOC, vitrinite reﬂectance and Rock-
Eval results of RWEP06 and RWEP08. 
Sample 
Calcite 
[%] 
Quartz 
[%] 
Muscovite 
/ illite [%] 
Kaolinite / 
clinochlore 
[%] 
Pyrite 
[%] 
Other 
[%] 
TOC 
[%] 
VRr 
[-] 
S1 
[mg/g] 
S2 
[mg/g] 
Tmax 
[°C] 
HI 
[-] 
             
RWEP06 44 18 14 9 4 11 6.05 0.59 2.92 32.8 433 542 
RWEP08 57 17 8 6 4 8 8.14 0.61 3.88 51.7 434 635 
             
 
 
Figure 4.6. Rock-Eval and Tasmanalas algae. (A) Hydrogen Index versus Tmax diagram with measure-
ments of RWEP06 and RWEP08 reported. (B) Image of Tasmanalas algea in RWEP06 under fluo-
rescing light. 
4.4.2 Representative elementary area 
BSE gigapixel mosaic (Figure 4.4A) combined with EDX chemical analyses allow iden-
tification of 5 different mineral phases: calcite, organic matter, clay-rich matrix, pyrite 
and others (Figure 4.4B). A first box counting analysis of the above 5 different mineral 
phases from a segmented BSE mosaic shows that the REA is between 100 x 100 and 
200 x 200 m2 (Figure 4.4C). Based on a more detailed approach, the minimum REA 
for both samples was interpreted to be 140 x 140 m2 (Figure 4.4B-F). Below areas of 
140 x 140 µm2, the relative content of each mineral phase does change significantly 
for both samples (Figure 4.4C-G). At the scale of the REA, the only feature that may 
not be representative is the organic matter, which shows some larger fluctuations (up 
to 5 %) in some analysis (Figure 4.4D, F) probably because the organic matter-rich 
regions are mostly distributed as rare large particles within the matrix (blue line Figure 
4.4F, for example). Above the area of 140 x 140 µm2 and at the scale of BIB-milled 
cross-section, the average mineral contents of sample RWEP08 are: pyrite = 2.3 % ± 
0.38 %, organic matter = 9 % ± 1.2 %, calcite 30 % ± 2.1 %, clay-rich matrix = 33 % ± 0.9 
% and other 26 % ± 1.7. For sample RWEP06 the mineralogical composition is: pyrite = 
1.6 % ± 0.36 %, organic matter = 14 % ± 2.2 %, calcite 18 % ± 3.6 %, clay-rich matrix = 
39 % ± 3.4 % and other 28 % ± 4.8. The differences are due to the intrinsic heterogene-
ity in the shale. 
4.4.3 Description of mosaics 
Two mosaics with different surface areas were imaged for sample RWEP06: mosaic-I 
covers 0.3 x REA (105 x 65 µm2), whereas the mosaic-II covers 1.1 x REA (231 x 94 µm2). 
In mosaic-I, close to 16,500 pores were detected at the magnification of 30,000 re-
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sulting in a visible porosity of 2.62 % from SE image analysis (Figure 4.7A). The BSE mo-
saic shows clearly the carbonate fossils, organic matter, quartz and calcite (Figure 
4.7B). The largest pores (> 500 nm, up to a few µm) are seen in the carbonate fossils 
and calcite grains (Figure 4.7C, D). In between carbonate fossils and calcite grains 
there appears to be a low-porous matrix showing typical pore sizes about a few 10 
nm (Figure 4.7C and D). In the mosaic-II, over 26,000 pores were segmented resulting 
in a visible porosity of 2.75 % at a magnification of 10,000, with similar porosity fabric 
as seen for the mosaic-I: i.e. large pores in carbonate fossils and calcite grains sur-
rounded by a low porous matrix.  
 
Figure 4.7. SEM micrographs of sample RWEP06-mosaic-I. (A) SE2 mosaic overview (x30K magnification, 
0.33 x REA) with pores segmented in blue. (B) BSE mosaic overview (x15K magnification) of the 
same area in (A) highlighting mineral phase contrast. (C and D) Details of (A) showing large 
pores in calcite partly and in fragmented and U-shaped carbonate fossil surrounded by low 
porous matrix at the scale of observation. 
One mosaic of 1.0 x REA area (163 x 119 µm2) was made of sample RWEP08, in which 
a total of about 55,000 pores were detected at the magnification of 20,000 times 
resulting in a visible porosity of 2.74 % (Figure 4.8A). Though in RWEP08, the BSE mosaic 
(Figure 4.8C and B) shows a larger amount of calcite (Figure 4.7B) and the car-
bonate fossils are more fragmented within the low porous matrix (Figure 4.8C, D), the 
overall porosity fabric has similar characteristics than those observed for RWEP06. 
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Figure 4.8. SEM micrographs of sample RWEP08, 20kx, 1.0 x REA with segment pores in red (A). Upper box 
is C lower box is D. BSE mosaic of RWEP08, 15kx, with (B). SE image of large pores partly sur-
rounded by low porous, at resolution used, matrix and porous fossils fragments (C). SE image of 
large pores partly surrounded by low porous, at resolution used, matrix and porous fossils frag-
ments (D). 
4.4.4 Pore morphologies 
Pore morphologies are very similar in the two samples RWEP06 and RWEP08. There-
fore, descriptions below are valid for both samples. 
Pores in the organic matter (Figure 4.9A) are mainly at interfaces between organic 
matter and the low porous matrix. These elongated pores have high aspect ratios (3 
± 1.7). Straight and sharp edges matching both sides and lack of cementation sug-
gest that they were formed by micro cracking after coring (Figure 4.9A, B). Pores in 
and around organic matter are sub-parallel to bedding. The few mesopores detect-
ed were close to the pixel resolution (inset in Figure 4.9A). It is well known that organic 
matter has pore sizes which are often below 3 nm (Chalmers and Bustin, 2008; 
Chalmers et al., 2012a; Curtis et al., 2011a; Curtis et al., 2012b; Prinz and Littke, 2005; 
Ross and Bustin, 2009; Sondergeld et al., 2010) and thus below the resolution of the 
methods applied here. 
Carbonate fossils can be porous (Figure 4.9C-D) or non-porous (Figure 4.9F). Porous 
fossils are usually U-shaped fragmented with sizes of up to 10-20 m (Figure 4.7 and 
Figure 4.8). The non-porous carbonate fossils have shapes from round- to U-shaped 
and are generally smaller than porous carbonate fossils with sizes of up to 5 m 
(Figure 4.9F). Pores inside the carbonate fossils have sizes below 500 nm and are typi-
Chapter 4: BIB-SEM study of the pore space morphology in early mature Posidonia Shale from the Hils 
area, Germany 
66 
 
cally polygons with straight and sharp edges (Figure 4.9D). Porous carbonate fossils in 
RWEP08 have some tendency to be more fragmented and may be more cemented 
with recrystallized calcite (Figure 4.8D). The porous carbonate fossils are interpreted 
to be cf. Schizosphaerella (Bour et al., 2007; Veiga de Oliveira et al., 2007). Pores re-
lated to calcite grains are relatively large (1-4 µm) with faceted calcite 
 
Figure 4.9. SEM micrographs of the typical pore morphologies related mineralogy found in sample 
RWEP06 and RWEP08 samples. (A) SE2 image of elongated pores at the interface between or-
ganic matter and matrix; a visible meso-pore inside the organic matter is indicated by arrows. 
(B) BSE image of (A). (C) SE2 image of typical trapezoidal, rectangular, triangular, kite-like, L- or 
U-shaped pores in carbonate porous fossils with inset for magnified details. (D) BSE image of 
(C). (E) SE2 image of equidimensional shaped pores in pyrite framboid whose shapes are con-
trolled by the arrangement of individual pyrite grains. (F) BSE of a non-porous fossil only found in 
sample RWEP08. Dark spheres laying at the surface of the fossil is due to coating. (G) SE2 im-
age of a large pore in calcite grain with euhedral faceted grain towards the centre of the 
pore. (H) BSE image of (G). (I) SE2 image of a large pore in calcite grain with euhedral faceted 
grain towards the centre of the pore and typical very elongated pore at interface with mica. 
(J) BSE image of (I). (K) SE2 image of a non-porous pyrite framboid in sample RWEP08. (L) BSE 
image of (K). For all pictures, pores are segmented in blue or red. 
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crystals growing towards the centre of the open pore (Figure 4.9G-J). These large 
pores have no preferred shape or orientation. They contribute 24 and 15 % to the 
total visible porosity for RWEP06 and RWEP08, respectively. These large pores in cal-
cite contribute significantly to the porosity (Table 4-4). However, most of the pores in 
calcite have sizes below 1 µm. Pores between two mica sheets are elongated and 
parallel to the longest axis of the mica (Figure 4.9I, J). These pores are rare and do 
not significantly contribute to the total visible porosity. Pyrite framboids in RWEP06 
have low porosities with equidimensional shapes controlled by the arrangement of 
each single pyrite grain (Figure 4.9F), whereas in RWEP08 the pyrite framboids are 
non-porous and calcite-cemented (Figure 4.9K, L).  
4.4.5 Pore size distributions from BIB-SEM data 
Because of the limited spatial resolution of the BSE and EDX detectors (about few 
µm) and the sub-micron grains in the clay matrix, pores in the clay matrix cannot be 
accurately classified by mineralogy like we did for pores in the carbonate fossils. 
Therefore, for the calculation of pore size distributions, the total porosity seen by BIB-
SEM is written as the sum of the porosity associated with carbonate fossils and the 
porosity associated with non-fossil phases (see equation 4.3). 
Moreover, because of different magnifications used for SEM imaging, the practical 
pore resolution is different for each mosaic (Table 4-1) and this affects the pore statis-
tics described below. The largest pores seen in a mosaic are between 500 and 4,000 
nm in diameter (Figure 4.5). 
4.4.5.1 Pore size distributions of carbonate fossils 
In both samples, regardless of the magnification and the mosaic area, pore areas in 
carbonate fossils follow a dual-power-law distribution (Figure 4.10A-C). From bin 
1,500, 12,300 or 3,000 nm2 to bin 24,600 nm2, pore areas are power-law distributed 
with an exponent around 1 (D = 0.95, 1.04 and 1.08 with Log C = -7.08, -6.96 and -
6.87, for RWEP06_Mosaic-I, RWEP06_Mosaic-II and RWEP08; respectively). From bin 
24,600 nm2 to bin 196,600, 393,200 or 1,572,900 nm2, the pores are also power-law 
distributed but with an exponent around 3 (D = 3.02, 3.34 and 2.65 with Log C = -2.06, 
-3.46 and -0.17, respectively). Pores below bin 24,600 nm2, contribute 32, 15 and 24 % 
to the porosity associated with fossils whereas pores with area from bin 24,600 nm2 to 
larger pore areas contribute 68, 85 and 76 % to the porosity associated with car-
bonate fossils, respectively.  
4.4.5.2 Pore size distributions of non-fossil pores 
Size distributions were analyzed for the pore population excluding both the pores, 
which were interpreted as microcracks formed after coring and the pores in the car-
bonate fossils (Figure 4.10). In both samples, regardless of the magnification and the 
mosaic area, pores in non-fossil phase follow a power-law distribution (Figure 4.10D-
F). From bin center 1,500, 12,300 or 3,000 nm2 (corresponding to their practical pore 
resolutions) to bin center 6,291,500 or 12,582,900 nm2 pore area, pore sizes are power-
law distributed with an exponent around 2 (D = 1.9 ± 0.15, 2.02 ± 0.07 and 2.2 ± 0.12 
with Log C = -3.3 ± 0.76, -2.4 ± 0.40 and -1.8 ± 0.66, respectively). 
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Figure 4.10. Pore size distribution of pore area in the carbonate fossils and non-carbonate fossils phases. 
Porosities are inferred from BIB-SEM methods in mosaics I and II of sample RWEP06 and in sam-
ple RWEP08. Data are plotted as the logarithm of normalized frequency of pore as a function 
of the logarithm of binned pore area (Equation 4.2, Figure 4.4). As in Figure 4.4, filled marks are 
pore area fully resolved whereas white-filled markers are pore area still detectable but not fully 
resolvable at BIB-SEM resolution. Vertical dashed lines represent the range of validity of the 
power-law distribution and middle vertical dashed lines indicate slope break observed for pore 
area distribution in carbonate fossil, equivalent pore diameter is given in the boxes below. Solid 
line through data from the range of validity is the best linear fit and surrounding dashed lines 
represent the outermost linear fits at 95 % confidence. Resulting power law exponent (D) and 
Log[C] are given in each plot. 
4.4.6 Pore throat distributions inferred from MIP 
Mercury porosimetry data indicate a 3D bulk connected porosity of 5.44 % and 7.33 
% for RWEP06 and RWEP08, respectively (Figure 4.11A, B). A significant amount of 
mercury is injected in the 60 - 240 m (RWEP06) and 45 - 300 m (RWEP08) pore 
throats range followed by a low intrusion curve (Figure 4.11C, D) contributing to the 
total intruded porosity (Figure 4.11A, B). However, these large pore sizes were never 
seen in the microstructural investigations on the BIB cross-sections. Injection volumes 
in these pore throat ranges are interpreted as cracks, filling of the container and sur-
face roughness, also known as conformance errors (Sigal, 2009). MIP curves are thus 
corrected by subtracting the first part of the intrusion data from the total in order to 
provide realistic MIP porosity (Figure 4.11). The point from which the data should 
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Figure 4.11. Results from MIP measurement performed in both samples RWEP06 and RWEP08. (A-B) Cu-
mulative porosity as a function of pore throat diameter. Raw data are indicated by filled 
markers and corrected data by hollow markers. Indicated errors bars are based on cut-off 
pore throat used to correct the data, see text for more details. (C-D) Contribution to the total 
porosity as a function of pore throat diameter. Raw data are indicated by filled markers and 
corrected data by hollow markers. The vertical dashed line indicate the pore throat which 
contributes for the most to the total porosity. (E-F) Normalized cumulative filled pore space ver-
sus pore throat diameter for the corrected intrusion and extrusion measurements (G-H) Pore 
body to pore throat ratio versus pore throat diameter. (I-J) Logarithm of the normalized fre-
quency of pore throat diameter versus the logarithm of the pore throat diameter. The solid line 
represents the linear fit of the data. Resulting power law exponents (D) and are given in each 
plot. 
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be subtracted is in the range between the largest pore imaged by the SEM and the 
start of the low intrusion seen in the MIP data (60 and 45 m, respectively).  
The largest imaged equivalent pore diameters are deq = 4.3 m in RWEP06 and deq = 
4.5 m in RWEP08. Thus, the MIP data are corrected by excluding data in the range 
from 60 to 4.5 m and 45 to 4.5 m for RWEP06 and RWEP08, respectively. Therefore, 
the porosity provided from corrected MIP data is in the range of 3.4 - 3.7 % for 
RWEP06 and 3.3 - 3.6 % for RWEP08. For sample RWEP06, the highest mercury porosity 
contribution (8 %) is at a pore throat diameter of 6 nm and 67 % of the mercury is in-
jected in pore throats below 11 nm in diameter (Figure 4.11C). Sample RWEP08 shows 
similar results with a highest mercury porosity contribution of 8.5 % at a pore throat 
diameter of 7.2 nm and also 67 % of the mercury is injected in pore throats below 11 
nm in diameter (Figure 4.11D). Comparison of intrusion and extrusion MIP curves 
(Figure 4.11E, F) indicates that about half of the mercury remained in sample RWEP06 
(Figure 4.11E) and two third in sample RWEP08 (Figure 4.11F). Probably the mercury 
remained in the pores due to the ink-bottle effect (Moro and Böhni, 2002). This is con-
firmed by the sample weight increase measured after the mercury intrusion-extrusion 
cycle, indicating a residual filled porosity of 1.13 % (RWEP06) and 1.50 % (RWEP08). 
Pore throat to pore body ratios are calculated (Figure 4.11G, H) based on Janssen et 
al. (2011) and Webb (2001). Differences in mercury intrusion and extrusion curves 
point to pore body-pore throat ratios between 1:1 and 2000:1 for the 3 to 7.2 nm 
pore throat diameter interval (Figure 4.11G, H), both for RWEP06 and RWEP08, re-
spectively. By plotting pore frequencies as a function of pore throat diameters 
(Figure 4.11I, J), we show that pore throat diameters are power-law distributed over 
the entire MIP pore size resolution (i.e., from 3 nm to 4622 nm pore throat diameter) 
with power-law exponents similar for both samples (D = 2.42 ± 0.07 for RWEP06 and D 
= 2.45 ± 0.08 for RWEP08). 
4.5 Discussion 
The combination of BIB milling for high quality surface preparation and SEM imaging 
gives access to much larger areas than FIB (Ambrose et al., 2010; Curtis et al., 2012b; 
Desbois et al., 2009; Heath et al., 2011; Keller et al., 2011a; Sisk et al., 2010; 
Sondergeld et al., 2010) so that representative areas in shales can be studied to 
quantify the microstructure and pore space. The comparison of BIB-SEM and MIP of-
fers the possibility to link pore morphologies to bulk properties. Considering that the 
BIB-polished surfaces are flat, and that the edges of pores intersected by BIB are 
sharp with radii less than a nm, the BIB-polished surfaces can be considered as 2D 
sections through the material. Using the basic principles of stereology (Underwood, 
1970), the 2D area fraction in a REA is a good estimate of the 3D bulk porosity. The 
differences between the BIB-SEM results and MIP will only be due to the unconnect-
ed porosity and differences in resolution of small pores.  
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4.5.1 Microstructural evaluation 
Mineral content, vitrinite reflectance and TOC give results very similar to those of oth-
er studies of Posidonia Shale (Littke et al., 1988; Mann, 1987; Rullkötter et al., 1988). 
Our samples are typical of the upper calcareous shale unit at low maturity. An area 
of 140 x 140 µm2 is interpreted to be representative (up to at least mm scale) based 
on the BIB cross-section in terms of mineralogy and porosity (Figure 4.4), when large 
organic particles (about 15 x 100 µm2 in Figure 4.4 and Figure 4.6B) are not taken into 
account. Because of the low frequency and low porosity of such organic particles, 
this does not significantly affect the overall porosity in these samples. Pore morpholo-
gies and sizes are similar for both samples and are clearly related to the mineralogy 
(Figure 4.9). At the scale of observations, the largest pore sizes (typically several mi-
crons) are found in large calcite grains (Figure 4.7, 4.8 and 4.9), and the smallest ones 
in the matrix. A significant part of the porosity visible in SEM images is associated with 
carbonate fossils (about 20 % of porosity down to the practical BIB-pore resolution, 
Table 4-4), which are embedded in the matrix. Organic matter exhibits only few intra-
particle pores (< 30 nm when visible) and most of the pores (with width around 200 
nm and axial ratio about 3, Figure 4.9A) related to organic matter are located at 
interfaces with matrix. 
Table 4-4. Porosity (%) inferred from BIB-SEM analyses and MIP at the practical pore resolution in mosaics 
covering REA, for the carbonate fossils and in the large calcite pores (LCP). 
Sample 
BIB-SEM 
MIP 
Mosaic Fossil LCP 
     
RWEP06 1.99 0.42 0.66 0.4 ± 0.18 
RWEP08 2.15 0.41 0.40 0.5 ± 0.18 
     
Pore areas detected by BIB-SEM, both in carbonate fossils and non-carbonate fossils, 
are interpreted to have power-law distributions (Figure 4.10). This enables comparison 
of the pore size distributions. A power-law distribution of pore throats is also interpret-
ed from the MIP data (Figure 4.11I, J). 
The dual-power-law distribution of pore areas in carbonate fossils (Figure 4.10A-C) 
implies that pores smaller than bin 24,600 nm2 contribute progressively less to the po-
rosity of carbonate fossils. As the break in slope occurs both in the range where pores 
are fully resolved and at the same length scale in all three mosaics, the dual-power-
law distribution of pore areas in carbonate fossils is interpreted to represent the po-
rosity in the carbonate fossils. Because of the progressively lower contribution to po-
rosity below bin 24,600 nm2, we interpret that the total porosity associated with car-
bonate fossils is virtually resolved by BIB-SEM (Table 4-4). In Bour et al. (2007), rectan-
gular-shaped, sub-micrometer-size pores have been observed corroborating our in-
terpretations. Pore areas of the non-fossil phase follow a single power-law distribution 
with power-law exponents D of 2.02 ± 0.07 and 2.2 ± 0.12 for the representative mosa-
ics of RWEP06 and RWEP08, respectively, which suggests that the small pores contrib-
ute significantly to the visible porosity in non-fossil phase. Significant contribution of 
small pore throats to the overall connected porosity is also emphasized by the MIP 
data which show that pore throat diameters are power-law distributed with power-
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law exponents D of 2.42 ± 0.07 and D = 2.45 ± 0.08 for RWEP06 and RWEP08, respec-
tively (Figure 4.11I, J). Because the carbonate fossils are fully embedded in matrix, we 
expected comparable power-law exponents from BIB-SEM measurements for non-
fossil pores and MIP data. However, these are quite different; the contribution of 
small pores being significantly higher from results given by MIP data. This discrepancy 
suggests that a significant part of porosity in the matrix is not connected.  
4.5.2 Estimation of bulk porosity from BIB-SEM microstructural data 
The porosity resolvable with BIB-SEM is lower than porosities found in early mature 
Posidonia shale by Mann (1987) and measured with MIP. The reason for this is that 
MIP measures porosity connected by pore throats down to 3 nm in diameter com-
pared to 36 nm corresponding to the minimum practical pore diameter imaged us-
ing BIB-SEM (Table 1). Resolvable porosities in BIB-SEM of a REA are comparable for 
both samples (2.75 % and 2.74 % for RWEP06 and RWEP08, respectively) and signifi-
cantly higher than the porosity accessed by MIP at comparable pore throat diame-
ter (Fig. 12A and B). In order to compare MIP porosity and BIB-SEM porosity at smaller 
pore sizes, the power-law distributions described above are used to extrapolate BIB-
SEM pore data down to pore size of 3 nm in diameter. To do this, we assume that 
bulk porosity is given by  BIB; 3*
06 or 08; T
 =  BIB; 3*
06 or 08; NF
+  BIB; 3*
06 or 08; F
 (see nomenclature in section 4.3.6 
and Table 4-2) and that pores un-resolved by the BIB-SEM approach follow the same 
power-law distributions defined in section 4.4.5 and Figure 4.10. This results in BIB; 3*
06; NF
 = 
4.34 % (3.41 - 6.01 %) and BIB; 3*
08; NF
 = 6.13 % (3.47 - 13.36 %), the values between the pa-
rentheses are the extrapolated porosities of the outermost fits (Figure 4.5). Therefore, 
adding porosity associated with the carbonate fossils (Table 4 and see section 4.5.1), 
we obtained  BIB; 3*
06; T
 = 4.80 % (3.88 - 6.48 %) and BIB; 3*
08; T
 = 6.55 % (3.89 - 13.78 %). The ex-
trapolated BIB-SEM porosities are thus higher than porosities measured by MIP (Figure 
4.12). These differences are discussed in the following section in order to link BIB-SEM 
microstructural observation with MIP data. 
 
Figure 4.12. Comparison between BIB-SEM and MIP porosity. Cumulative porosity inferred by MIP meas-
urement compared with porosity inferred from BIB-SEM at the practical pore resolution (filled 
marker) and extrapolated down to the pore resolved by MIP (hollow marker) as a function of 
equivalent pore (throat) diameters for the sample RWEP06 (A) and RWEP08 (B). 
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4.5.3 Linkage of BIB-SEM data with MIP data resulting in a pore model based on mi-
crostructures 
In other studies good agreement has been found between pore data acquired by 
imaging and mercury intrusion in other comparable studies based on low permeable 
and low porous rocks (Curtis et al., 2010, 2011a; Heath et al., 2011; Loucks et al., 2009) 
but can also be problematic (Hildenbrand and Urai, 2003) if pore collapse occurs 
during mercury intrusion at high pressure. In the present contribution the intrusion of 
mercury into the pore space is demonstrated by the increase of sample weight after 
MIP experiment and hysteresis between intrusion and extrusion (see section 4.6).  
In section 4.5.2, we noticed that BIB; 36-104
06 or 08; T
 > MIP; 36-104
06 or 08; T
 and  BIB; 3*
06 or 08; T
 >  MIP; 3
06 or 08; T (Figure 4.12). 
Because MIP measures only connected porosity, these discrepancies means that a 
significant part of the pore space resolved in BIB mosaics is not connected at pres-
sures corresponding to the practical pore resolution. This is also corroborated by MIP 
data that illustrates that most of the pore space (67 %) is filled with mercury in pore 
throats smaller than 11 nm (Figure 4.11A-D) for both samples, with maximum intrusion 
volumes measured for pore diameter of 6 and 7.2 nm (Figure 4.11C, D; for RWEP06 
and RWEP08, respectively). Therefore the pore space imaged in BIB mosaics is not 
representative of pore throats because they are not resolvable down to the practi-
cal pore resolution. In other words, this suggests that the pore space imaged in BIB-
SEM mosaics represents the pore bodies connected by non-resolved pore throats 
with sizes below 10 nm. This is in good agreement with differences in mercury intrusion 
and extrusion curves which point to pore body-pore throat ratios between 1 : 1 and 
2000 : 1 for the 3 to 7.2 nm pore throat diameter interval (Figure 4.11G, H). Hence, the 
BIB-SEM resolved pores are filled with mercury only at very high pressures, indicating a 
very low permeability. 
In regards to these interpretations, porous carbonate fossils and large pores in calcite 
grains which contribute the most to the porosity in BIB-SEM data, (Table 4-4), are in-
terpreted to be embedded in a low permeable and low porous matrix. We propose 
also that the pore connectivity of the matrix is controlled by the clay-rich matrix. In 
this case, the power-law exponent for pore throat distribution inferred from MIP data 
(D ~ 2.4-2.5, Figure 4.11I, J) may be representative for the clay-rich matrix.  
4.6 Conclusions 
1. Porosity resolvable by BIB-SEM is 2.75 and 2.74 % for the two samples RWEP 06 
and RWEP08, respectively. This method can resolve pores of around 10 nm di-
ameter, and allows qualitative and quantitative study of porosity. 
2. Using a combination of BSE and SE detectors and semi-quantitative segmen-
tation of the gigapixel images, we found that at the mm-scale the representa-
tive area of the samples is around 140 x 140 µm2.  
3. Different pore morphologies are found in fossils, calcite, organic matter and 
pyrite framboids.  
Chapter 4: BIB-SEM study of the pore space morphology in early mature Posidonia Shale from the Hils 
area, Germany 
74 
 
4. Pore areas are power-law distributed with a power-law exponent of about 2 
for the pore population that excludes the fossils. Pores in the fossils show dual-
power-law distribution with power-law exponents of about 1 for pores smaller 
then bin middle 24,600 nm2 (deq = 177 nm) and 3 for pore areas above this 
size.  
5. Extrapolation of power-law for pore area unresolved by BIB-SEM allows estima-
tion of total porosity. The total porosity is estimated to range from 3.9 - 6.5 % 
and 3.9 - 13.8 %, with mean values of 4.80 % and 6.45 %, which can be com-
pared with 3.4 - 3.7 and 3.3 - 3.6 % as measured by mercury porosimetry for 
RWEP06 and RWEP08, respectively.  
6. Difference between porosity inferred by MIP and BIB-SEM are interpreted to re-
flect the unconnected part of the porosity resolvable by MIP. Both microstruc-
tural investigations and MIP data suggest a significant ink-bottle effect.  
7. The pore network consists of large pores embedded in the clay-rich matrix. In 
the clay-rich matrix pores are connected by pore throats smaller than 10 nm.  
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Chapter 5: BIB-SEM characteri-
zation of pore space morphology 
and distribution in postmature to 
overmature samples from the 
Haynesville and Bossier Shales 2 
Abstract 
Four Haynesville Shale and four Bossier Shale samples were investigated using a 
combination of Scanning Electron Microscopy (SEM) and Broad Ion Beam (BIB) 
polishing. This approach enables the microstructure and porosity to be studied 
down to the mesopore size (<50 nm) in representative areas at the scale of the 
BIB cross-sections. The samples vary in mineralogy, grain size and TOC and the 
maturity ranges from 2.42 - 2.58 VRr in the Haynesville Shale to 1.79 - 2.26 VRr in 
the Bossier Shale. This variety within the samples enabled us to study controls on 
the porosity distribution in these shales. Visible pores exist as intraparticle pores 
mainly in carbonate grains and pyrite framboids and as interparticle pores, main-
ly in the clay-rich matrix. Pores in organic matter show a characteristic porosity 
with respect to the type of organic matter, which mainly consists of mixtures of 
amorphous organic matter and minerals, organic laminae and discrete 
macerals. A clear positive trend of organic-matter porosity with maturity was 
found. Pore sizes are power law distributed in the range of 4.4 micrometers to at 
least 36 nanometers in equivalent diameter. The differences in power law expo-
nents suggest that a more grain supported, coarse-grained matrix may prevent 
pores from mechanical compaction. Porosities measured in the BIB cross-sections 
were significantly lower in comparison to porosities obtained by Mercury Intrusion 
Porosimetry (MIP). This difference is mainly attributed to the different resolution 
                                                
2 Klaver, J., Desbois, G., Littke, R., Urai, J.L., 2015a. BIB-SEM characterization of pore space 
morphology and distribution in postmature to overmature samples from the Haynesville and 
Bossier Shales. Marine and Petroleum Geology. 
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achieved with BIB-SEM and MIP and type of pore network. Extrapolation of pore 
size distributions (PSDs) enables the BIB-SEM porosity to be estimated down to the 
resolution of the MIP and thus to upscale microstructural observation at the con-
fined space of the BIB-SEM method to bulk porosity measurement. These inferred 
porosities are in good agreement with the MIP determined porosities, which un-
derpins the assumption that pores segmented in BIB-SEM mosaics are representa-
tive of the MIP methodology. 
Keywords: Porosity; pore size distributions; pore morphology; Haynesville Shale; Bossier 
Shale; BIB-SEM 
5.1 Introduction 
Organic-rich shales are key petroleum source rocks and have become key gas and 
oil reservoirs. They are heterogeneous and the controls on the evolution of porosity, 
pore geometry and permeability are incompletely understood (Jarvie, 2012a; 
Soeder, 1988). Also, analyses of conventional porosity measurements on these fine-
grained rocks with low porosities and permeabilities can be difficult because, for ex-
ample, of core damage. In addition, direct observation of pore space is still chal-
lenging because most of the pores are below micrometer in size. The link between 
bulk measurements and microstructures remains elusive but is essential for under-
standing of the pore properties at various scales.  
Bulk measurements of porosity and permeability of such clay-rich and fine-grained 
rocks can be achieved by different methods. The most popular and quick technique 
is Mercury Intrusion Porosimetry (MIP). MIP provides a bulk porosity for the connected 
porosity with pore throat sizes down to 3 nm in diameter, at equivalent intrusion pres-
sures according to the Washburn equation (Washburn, 1921). The intrusion volumes 
per pressure step are interpreted as a pore (throat) size distribution. Another widely 
used porosimetry technique is gas adsorption (N2, CO2, CH4, Kr), which provides the 
surface area and the pore size distribution of pores from 300 nm down to the 
micropore (< 2 nm) size range. The above mentioned techniques provide quantita-
tive and reproducible porosity data, but they are not able to give direct information 
about real pore geometries and their connectivity. Moreover, pore size distributions 
(PSD) derived from such indirect methods are based on models of tube, slit or spheri-
cal-shaped pores, which are not observed in the actual samples (see e.g., Desbois et 
al., 2009; Loucks et al., 2009; Schieber, 2010). Furthermore, MIP does not account for 
side effects such as: deformation (Horseman et al., 1996), which may result in pore 
collapse; the ink-bottle effect (Münch and Holzer, 2008), which underestimates pore 
sizes; omnidirectional intrusion (Hildenbrand and Urai, 2003), which may lead to ef-
fective stresses and mask microstructural anisotropy (Esteban et al., 2006); and core 
damage. Imaging these fine-grained rocks at high magnification would provide in-
sight in the actual pore sizes, their morphology and distribution, anisotropy of the mi-
crostructure and core damage like cracks because of drying, stress release and 
sample preparation. 
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A recent alternative to directly study the pore network in fine-grained rocks is based 
on the combination of Focused Ion Beam (FIB) with a gallium ion (Ga+) source to 
prepare high quality cross-sections, and Scanning Electron Microscopy (SEM). This 
technique, known as FIB-SEM, allows the three dimensional pore network to be con-
structed down to the SEM resolution of various rocks (Ambrose et al., 2010; Curtis et 
al., 2010; Desbois et al., 2009; Holzer et al., 2004; Keller et al., 2011b; Tomutsa et al., 
2007). With FIB-SEM only a limited sample volume can be investigated (typically 
around 10 x 10 x 10 m3), which may not be representative, even in fine-grained ma-
terials (Houben et al., 2013; Klaver et al., 2012).  
Broad-Ion-Beam (BIB) polishing in combination with SEM (Desbois et al., 2010; Desbois 
et al., 2009; Desbois et al., 2011b; Houben et al., 2013; Klaver et al., 2012) provides (a) 
an alternative to study larger areas, i.e., up to 2 mm2, at the resolution of an SEM (< 5 
nm) and (b) the potential to do serial sectioning (Desbois et al., 2013). The use of Ar-
gon ion beam milling reveals new insights into the combination of pore and micro-
structures, which were previously poorly resolved, and opens a new field of up-
scaling microstructural investigations. Desbois et al. (2009) first described different 
pore types in clay using this method. Loucks et al. (2009) presented an investigation 
using BIB-SEM on the pore morphology, genesis, and the pore size distribution of a 
prolific shale gas producer, the Barnett shale in Texas, USA. Other researchers de-
scribed various pore types in fine-grained rocks using a similar approach (e.g., Curtis 
et al., 2010; Heath et al., 2011; Milner et al., 2010; Schieber, 2010). A comprehensive 
overview of pore classification in mudrocks is given in Loucks et al. (2010, 2012). The 
quantification of pore microstructures on representative areas of prominent cap 
rock, Opalinus Clay, and source rock, Posidonia Shale, was carried out by Houben et 
al. (2013) and Klaver et al. (2012) respectively. Both studies found that the pore sizes 
follow a power-law distribution. This enables the extrapolation of porosity, for com-
parison with MIP, to be undertaken with higher confidence. In these two studies, the 
authors found that each mineral phase have their own pore characteristics. This link 
suggests a novel porosity model based on “elementary building blocks” (Desbois et 
al., 2011a).  
Previous studies dealing with microstructure imaging in the Haynesville Shale focused 
mainly on the qualitative description of porosity and fabrics (Chalmers et al., 2009; 
Chalmers et al., 2012a; Curtis et al., 2010, 2011a; Curtis et al., 2012b). Curtis et al. 
(2010, 2011a; 2012b) found that the Haynesville Shale is different from other US shales 
as it contains little kerogen and its porosity is mainly associated with phyllosilicates. 
Pores of 3 nm width in clay minerals using STEM were imaged (Curtis et al., 2011a). 
According to Curtis et al. (2010; 2012b), the Haynesville Shale has a porosity of 2 % in 
a 3D FIB-SEM reconstruction, located mainly in triangular and linear pores associated 
with phyllosilicates, suggesting a sheet-like, connected pore network. Hammes et al. 
(2011) described lithofacies in the Haynesville shale with the help of BIB-SEM and re-
ported organic and moldic pores. To our knowledge, there are no quantitative, pub-
lished evaluations of pore systems on Haynesville and Bossier Shales using BIB-SEM. 
Porosity associated with organic matter is an important part of the pore system of 
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gas-mature source rocks and may be critical for both gas storage and production 
(Bernard et al., 2012b; Chalmers et al., 2009; Curtis et al., 2012a; Fishman et al., 2012; 
Jarvie et al., 2007; Milliken et al., 2013) 
This paper focuses on the qualitative and quantitative physical porosity (Pearson, 
1999) of the Haynesville and Bossier Shales with a special focus on pore morpholo-
gies, pore size distributions, visible porosities and organic-matter porosity. The relative 
roles of TOC, thermal maturity, mineralogy and grain size on porosity are discussed. 
Pore characteristics for each mineral phase are described which enable up-scaling 
scenarios based on “elementary building blocks” (Desbois et al., 2011a) and are rel-
evant for reservoir evaluation and flow modeling (Clarkson et al., 2011; Jiang and 
Spikes, 2013). Finally, the PSDs are compared with the MIP bulk porosities of these 
shales. These findings and their implications for storage and transport are addressed 
in the final part of the discussion.  
5.2 Materials and methods 
5.2.1 Samples 
This contribution focuses on the detailed study of eight shale samples selected to 
cover a broad range in mineralogy, Total Organic Matter (TOC) and porosity. Four 
samples from both the Haynesville Shale formation and four samples from the Bossier 
Shale formation in Louisiana, provided by SHELL Global Solutions International B.V., 
were analyzed. The range of in TOC, maturity, mineralogy and grain size enabled us 
to study the controls of these parameters on the porosity distribution in the shales. 
Table 5-1. Sample properties of the eight different samples with mineralogy, TOC, MIP porosity and li-
thology as received. 
Stratification Sample 
Depth 
[ft] 
Q+F 
[wt. %] 
Carb. 
[wt. %] 
Clays 
[wt. %] 
TOC  
[wt. %] 
Porosity 
[%] 
Lithology 
         
Haynesville SBI 9-4 12365 42 25 33 5.6 9.2 Silty Argil. Mudstone 
Haynesville SBI 8-2 12357 39 26 35 2.8 7.5 Silty Argil. Mudstone 
Haynesville SOM 4-4 13257 40 32 28 5.0 9.2 Silty Calc. Mudst. 
Haynesville SOM 9-2 13299 39 16 44 3.0 8.3 Silty Argil./Calc. Mudst. 
Bossier SHSI 6-2 12050 32 13 55 - 4.4 Argillaceous Mudst. 
Bossier SHSI 1-6 12012 29 11 60 0.5 3.9 Argillaceous Shale 
Bossier SCN 3-6 12289 17 55 28 1.4 6.9 Dolomitic Mudstone 
Bossier SMY 4-2 12342 11 79 10 - 2.2 Calcareous Mudst. 
         
The mineral content of all samples was provided and determined using x-ray diffrac-
tion. The Haynesville Shale samples (SBI 9-4, SBI 8-2, SOM 4-4 and SOM 9-2, Table 1) 
consist of 40 wt. % quartz and feldspar. The carbonate and clay content range from 
16 - 32 wt. % and 28 - 44 wt. % respectively (Table 5-1). The TOC varies from 2.8 - 5.6 
wt. % with MIP connected porosities between 9.2 and 7.5 %. Lithology ranges thus 
from silty argillaceous shale to silty calcareous shale (Table 5-1). 
The four Bossier Shale samples (SHSI 6-2, SHSI 1-6, SCN 3-6 and SMY 4-2) have a quartz 
and feldspar content between 11 - 32 wt. %, with large differences in carbonate and 
clay mineral contents of 11 - 79 wt. % and 10 - 60 wt. % respectively. TOC was only 
given for two samples and values are lower compared to the Haynesville Shale: 0.5 % 
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for SHSI 1-6 and 1.4 % for SCN 3-6. MIP connected porosities are also lower and range 
from 2.2 - 6.9 %. Lithologies differ even more than in the Haynesville Shale and vary 
from argillaceous mudstone /shale to marly (dolomitic or calcareous) mudstone 
(Table 5-1).  
5.2.2 Organic petrography 
Polished sections of whole rocks were prepared perpendicular to bedding planes in 
order to study the samples in incident white light to measure vitrinite reflectance. Sol-
id bitumen reflectance was measured when vitrinites were scarce. The solid bitumen 
reflectance measurements were converted to vitrinite reflectance using the correla-
tion of Schoenherr et al. (2007). The authors refer to Littke et al. (2012) for preparation 
procedures and microscopic methods. Vitrinite and solid bitumen reflectance was 
conducted in oil immersion at 500 times magnification according to standard pro-
cedures. For calibration a GGG 94-95 (gallium gadolinium garnet; R = 1.71 %) was 
used and the standardization was checked before each sample measurement. The 
reflectance of particles at random orientations was measured for at least 50 points 
and mean values are given (VRr). 
5.2.3 BIB-SEM method 
5.2.3.1 BIB cross-sectioning 
Subsamples from the drill cores were dry cut using a low-speed micro-diamond saw 
and dry pre-polished using silicon-carbide paper (down to P2400). Then about 100 
m of material was removed from the pre-polished surface using a BIB polisher (JEOL 
SM-09010). The BIB produces a planar surface of about 1 - 2 mm2 (at 6 kV, 180 A for 
7:45 hours) perpendicular to the bedding with a topography of +/- 5 nm (Klaver et 
al., 2012) suitable for pore investigation in shales using SEM. 
5.2.3.2 SEM imaging 
The BIB cross-sections were imaged using a Zeiss Supra 55 SEM equipped with sec-
ondary electron (SE) detectors comprising INLENS and SE2 for pore investigation (5 
kV, working distance ~4-6 mm) and BSE detector for mineralogy investigation based 
on phase density contrast (20 kV, working distance ~6-8 mm). An integrated EDX 
(Apollo 10 SDD, EDAX®, Mahwah, NJ) enabled semi-quantitative identification of 
minerals (20 kV, working distance 8 mm). Large mosaics, for the representative pore 
analyses, were acquired by stitching together (Autopano Giga 2.6; Kolor, France) 
several hundred single images (in the range of 150 – 500 images depending on the 
magnification) scanned with 10-20 areal % overlap. The BSE mosaics and SE2 mosaics 
were used for the estimation of representative elementary area (REA) determination 
and pore size analyses respectively, and also for qualitative study of the pore and 
mineral fabric. 
5.2.3.3 Mineral segmentation and determination of REA 
For each BIB cross-section, a REA is calculated using a point counting method based 
on mineralogy identified in BSE mosaics imaged at magnifications of 2,000 -10,000 
times (Houben et al., 2013; Klaver et al., 2012). A BSE mosaic maps the density phase 
contrast, interpreted as different mineralogy. Mineralogy is calibrated with the help 
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of chemical composition point measurements performed with an EDX detector. BSE 
mosaics were segmented into four phases, based on descending gray levels, using 
ArcGIS (ArcGIS Desktop 10; ESRI 2011, Redlands, CA). The sequence consists of or-
ganic matter and pores > matrix mix of quartz, feldspars, clay minerals and others > 
carbonates and chlorite > pyrites and other heavy minerals with increasing grayscale 
value. Phases were segmented, from the median (3 x 3) filtered BSE mosaic, using a 
maximum likelihood classification tool followed by dilating and eroding procedures 
of the four phases to smooth the segmentation. From the segmented BSE mosaic the 
relative contents of the four phases were calculated within increasing boxes 
(Houben et al., 2013; Kameda et al., 2006; Klaver et al., 2012) ranging from 10 × 10 - 
500 × 500 m2 in size, starting at 6 - 10 different locations on the BSE mosaics. The 
convergence of the relative contents with increasing box size indicates that the REA 
is reached.  
5.2.3.4 Pore segmentation of the SE2 mosaics 
From each cross-section several mosaics were imaged with the SE2 detector at dif-
ferent magnifications of 2000x, 2500x, 5000x, 10,000x, 20,000x and 40,000x. This ap-
proach allowed a large part of the cross-section to be imaged at different scales in 
a reasonable time frame. The mosaics imaged with a low magnification give insight 
into the distribution of the largest pores, whereas mosaics imaged at high magnifica-
tion allow smaller pores to be visualized. All mosaics, except for the mosaics imaged 
with a magnification of 40,000x, cover areas greater than 200 x 200 m2. The pore 
segmentation was done with the help of an image segmentation algorithm in 
MATLAB specially designed for BIB-polished SE2 images. The automatic pore segmen-
tation was then checked, and manually corrected in ArcGIS where needed.  
5.2.3.5 Pore characteristics per mineral and organic component 
A detailed analysis of the pore characteristics was done on the mosaics imaged at 
20,000x magnification. Each segmented pore, in the 20,000x mosaic, was assigned to 
one of the following mineral phases: organic matter, clay-rich matrix, carbonates, 
chlorite or pyrite. Pores in the organic matter were further differentiated into certain 
organic matter types (see section 5.2.3.4). Subsequently, pore characteristics can be 
evaluated per mineral phase or organic matter type.  
Segmentation of pores allows the quantification of morphological parameters for 
each single segmented pore. These include: pore area (Apore), pore perimeter (Ppore), 
pore long axis length (Lpore), pore short axis length (Wpore), pore long axis orientation, 
convex hull (Aconvex hull), circularity (4Apore/Ppore2), convexity (Apore/Aconvex hull) and 
elongation (1- (Wpore/Lpore)). Circularity is an indicator of roundness, the higher the 
circularity the closer it is to a circle. The convexity is a measure of 'spikiness’, the clos-
er to 0 the rougher the pore surface. An elongation close to 1 indicates a relatively 
long pore compared to its thickness. 
5.2.3.6 Pore size distributions inferred from BIB-SEM 
For comparison the PSDs are also plotted as the logarithm of frequencies normalized 
by the mosaic area and bin width. This is because the bin width doubles with each 
Chapter 5: BIB-SEM characterization of pore space morphology and distribution in postmature to 
overmature samples from the Haynesville and Bossier Shales 
81 
 
following bin as a function of the pore area logarithm (the average pore area within 
a bin; compare to Klaver et al., 2012). Values in the PSD are presented in a log-log 
plot to enable linear best fitting with power law exponent D (slope) and constant C 
(intercept), according to equations 6.1 and 6.2; 
D
pore
mosaici
i CS
Sb
N            Equation 5.1 
or alternatively; 
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Log pore
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.        Equation 5.2 
where Ni is the number of pores with pore area Spore ,within bin bi, which is the width 
of the bin, Smosaic is the surface area of the concerning mosaic. For this, only the pores 
above the practical pore resolution (PPR, see section 5.2.3.4) are taken into account: 
pores smaller in area than the PPR cannot be accurately imaged or segmented. 
Using the basic principles of stereology (Underwood, 1970), the 2D area fraction in a 
large representative area is a good estimate of the 3D bulk porosity. However, the 2D 
PSDs represent the 2D pore sizes and do not necessarily represent the distribution of 
3D pore sizes because of their complex shape and stereology (Underwood, 1970). 
Houben (2013) made a comparison between 2D and 3D PSDs obtained by FIB-SEM 
from the Opalinus Clay, and found that the number of small pores is overestimated 
and the number of large pores is underestimated in the order of a few percent when 
using BIB-SEM. Moreover, the range of pore sizes does not change (see also Berger et 
al. (2011) for crystal size distributions). Hence, we conclude that the 2D PSDs provide 
significant insight into the 3D distribution of pore sizes. 
5.3 Results 
5.3.1 TOC and organic petrology 
TOC values for the Haynesville Shale range from 4 - 5 %, whereas those of the Bossier 
Shale are somewhat lower at 1 - 2 % (Table 5-2). Values are in the same range as the 
“as-received” values listed in Table 5-1, but with some divergence which may be due 
to the different sample aliquots used. Vitrinite reflectance (VRr) values and their 
standard deviations are presented in Table 5-2. 
Under the optical microscope, all Haynesville Shale samples look overmature with 
abundant solid bitumen and rare vitrinites. Therefore, the solid bitumen reflectance 
was measured. Solid bitumen is finely dispersed throughout the whole polished sec-
tion in all four samples. After conversion to VRr values, the average reflectances are 
2.47 %, 2.42 %, 2.53 % and 2.58 % for samples SBI 9-4, SBI 8-2, SOM 4-4 and SOM 9-2 
respectively (Table 5-2). Microscopy of the Bossier Shale samples reveals that they 
are postmature to overmature and sample SCN 3-6 and SMY 4-2 also contain a lot of 
solid bitumen. The solid bitumen reflectance was measured for these two samples 
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and converted to VRr values. The Bossier Shale samples have lower average VRr val-
ues compared to the Haynesville Shale samples. Average VRr values are 1.79 %, 1.81 
%, 2.26 % and 2.15 % for samples SHSI 6-2, SHSI 1-6, SCN 3-6 and SMY 4-2 respectively 
(Table 5-2). 
Table 5-2. Results from TOC measurements and vitrinite reflectance with the standard deviations (+/-). 
Stratification 
Sample 
TOC 
[wt. %] 
VRr 
[%] 
Haynesville SBI 9-4 4.9 2.47 (0.13) 
Haynesville SBI 8-2 4.2 2.42 (0.12) 
Haynesville SOM 4-4 4.4/5.2 2.53 (0.11) 
Haynesville SOM 9-2 4.5/5.2 2.58 (0.12) 
Bossier SHSI 6-2 1.3 1.79 (0.11) 
Bossier SHSI 1-6 1.3 1.81 (0.15) 
Bossier SCN 3-6 1.9/2.1 2.26 (0.14) 
Bossier SMY 4-2 1.1 2.15 (0.20) 
    
5.3.2 Description of mineral fabric and characteristic porosity 
Figure 5.1 presents overviews of all BIB cross-sections analyzed in this study. Details of 
the microstructures are given in Figure 5.2-5.4 focusing on mineral fabric, porosity in 
non-organic minerals and organic-matter pores at higher resolutions. 
5.3.2.1 BIB cross-sections 
Figure 5.1A shows a detailed typical BIB cross-section with size of about 1.5 mm2 and 
regions of interest, imaged at higher resolution where porosity was segmented. The 
edge of the cross-section is emphasized by the curtaining at the edge. We also rec-
ognized micro fractures in some of the BIB cross-sections. Cracks are recognizable in 
Figure 5.1B by their typical matching edges, elongated shape and sharp tips. Cracks 
are interpreted as developing during sample drilling and/or preparation. Pore space 
interpreted as cracks was thus subtracted from the porosity and pore size analyses. 
No damage or redeposition of material due to the ion milling was observed in any of 
the cross-sections. 
The BIB cross-sections correspond well with the lithology presented in Table 5-1. The 
Haynesville samples, classified as silty mudstones, are relatively coarse compared to 
the finer grained argillaceous mudstones of the SHSI 6-2 and SHSI 1-6 samples (Figure 
5.1-2). The coarse carbonate microstructure of SCN 3-6 and SMY 4-2 is typical for dol-
omitic and calcareous mudstone. The mineralogy and lithology of the Haynesville 
samples fall within the domain of the Bossier samples (Table 5-1, Figure 5.1-2). The 
Haynesville Shale samples are similar to the unlaminated - bioturbated mudstone 
(SOM 9-2) and the laminated siliceous mudstone described by Hammes et al. 
(Hammes and Frébourg, 2012; 2011). The Haynesville Shale samples show more or-
ganic matter than the Bossier Shale samples (Figure 5.2). 
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Figure 5.1. Typical BIB cross-section imaged with SEM and overview samples. (A) BSE mosaics of sample 
SBI 9-4 with all the segmented pores detected at different magnifications (see the legend for 
the different magnifications). Box outlines the size of Figure 5.2A. (B) SE2 image showing typical 
cracks. (C-I) Overview of the cross-sections investigated in the Haynesville Shale (Upper left: C 
= SBI 8-2, D = SOM 4-4, oblique to the bedding and E = SOM 9-2) and Bossier Shale (Lower right: 
F = SHSI 6-2, G = SHSI 1-6, H = SCN 3-6 and I = SMY 4-2) in BSE mode. The purple box outlines the 
20,000x mosaic, also note the fractures in E, G and H. 
5.3.2.2 Microfabric 
For both the Haynesville and the Bossier samples, all BIB cross-sections display the 
overall fabric characteristics of mudstones: silt-sized grains mixed with clay minerals 
(Figure 5.1-4). Selected samples from both the Haynesville and Bossier shales com-
prise (Figure 5.2) four fine to very fine-grained samples (SBI 9-4, SBI 8-2, SHSI 6-2 and 
SHSI 1-6) and four coarser-grained samples (SOM 4-4, SOM 9-2, SCN 3-6 and SMY 4-2). 
The two fine-grained samples from the Haynesville Shale (Figure 5.2A and B; SBI 9-4 
and SBI 8-2) show mineral fabrics made of equidimensional clastic silicate grains (in 
the range of 2 - 20 µm in diameter) embedded in a clay-rich matrix where the bed-
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ding lamination is underlined by elongated organic matter, as well as elongated 
carbonate grains of which a few are very long (>100 m). The two coarse-grained 
samples from the Haynesville Shale differ mainly by the size of the grains: the fabric of 
the SOM 4-4 sample (Figure 5.1D, 5.2C and 5.3F) consists mostly of equigranular 
grains of about 20 to 100 µm in diameter whereas sample SOM 9-2 shows an appar-
ent bimodal distribution of grain sizes where most of grains are below 10 µm in diam-
eter and the rest have sizes greater than 100 µm (Figure 5.1E, 5.2D and 5.3G). 
The two fine-grained samples of Bossier Shale are quite similar to each other in terms 
of mineral fabric and display a much finer grain fabric than the two fine-grained 
samples of the Haynesville Shale (below 10 µm in diameter) with only a few car-
bonate grains over 100 µm in length in sample SHSIS 6-2 (Figure 5.1F). In contrast, the 
coarse-grained samples of Bossier Shale are coarser than the coarse-grained sam-
ples of Haynesville Shale and are grain-supported, with the clay matrix only present in 
small amounts in between grains (Figure 5.2G and H, Figure 5.3M and O). In both 
coarse-grained samples of Bossier Shale, grains are 50 - 100 µm in diameter (Figure 
5.1H and I).  
Overall, selected samples can be ordered as follows with increasing estimated aver-
age grain size: SHSI 1-6, SHSI 6-2, SBI 9-4, SBI 8-2, SOM 9-2, SOM 4-4, SMY 4-2 and SCN 
3-6. The samples are also increasingly grain supported, in the same order. 
5.3.2.3 Pore morphology and mineralogy 
The pore morphologies encountered in this study are quite typical for clay-rich shales. 
The interparticle clay pores in both shales (Figure 5.3A, E, M and O) show similar 
characteristics, such as elongated wedge to triangular shapes, like the phyllosilicate 
(framework) pores described by others (Curtis et al., 2010; Milner et al., 2010; 
Schieber, 2010). Other interparticle pores in the matrix phase are mainly large and 
jagged (Figure 5.3B), Type III (Desbois et al., 2009), between larger grains (Figure 5.3I), 
Type V (Kwon et al., 2004) or interpreted as small phyllosilicate pores (Figure 5.3C, G, 
and K). Intraparticle pores in the carbonate grains are equidimensional, angular and 
polygonal in shape (Figure 5.3D, F, H, J, N and P). Intercrystalline pores are typical for 
pyrite framboids and porosity tends to vary widely among pyrite framboids, and the-
se framboids (Figure 5.3B and Figure 5.4B, E and H) appear to be less porous than 
those found in other shales (Houben et al., 2013; Klaver et al., 2012; Loucks et al., 
2012; Loucks et al., 2009).  
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Figure 5.2. Overview typical microstructure. Haynesville (left; A = SBI 9-4, B = SBI 8-2, C = SOM 4-4 and D = 
SOM 9-2) and Bossier Shale (right: E = SHSI 6-2, F = SHSI 1-6, G = SCN 3-6 and H = SMY 4-2) in BSE 
mode. Abbreviations used: A = Albite, C = Calcite, Ch = Chlorite, D = Dolomite, OM = organic 
matter, P = Pyrite, Q = Quartz. See section 5.3.2 for more detailed information. 
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Figure 5.3. Overview of the non-organic pores in each sample. The Haynesville Shale samples are on the 
left side and the Bossier Shale samples on the right side. Mainly interparticle pores are in shown 
in first and third columns. Mostly intraparticle pores are shown in the second and fourth col-
umns. See section 5.3.2.3 for more detailed information. 
Other intraparticle pores are found in mica and chlorite grains and are elongated to 
triangular (Figure 5.3C, E, K and L). The mica grains show the classic cleavage sheet 
pores (Klaver et al., 2012; Loucks et al., 2012; Milliken et al., 2013). No moldic pores 
such as those encountered by Hammes et al. (2011; their Figure 12B) were seen in 
the studied cross-sections. The mineral grains (Figure 5.2-3) are listed below in de-
creasing frequency:  
1. carbonates, mainly calcite in both shales but also dolomite in the coarse-
grained samples of the Bossier Shale, containing intraparticle rounded pores 
interpreted as fluid inclusions (Figure 5.3F and H) or faceted pores interpreted 
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as a dissolution pattern, and porous calcite aggregates with polygonal 
intraparticle and interparticle pores (Figure 5.2A and B, Figure 5.3D and P);  
2. silicates (mainly quartz in both shales but also albite in Bossier Shale) with very 
few small intraparticle pores within quartz, interpreted as fluid inclusions;  
3. authigenic pyrite (e.g., framboidal pyrite with intercrystalline pores and non-
porous euhedral single grains of pyrite (Figure 5.3A) in all samples), and;  
4. phyllosilicates (mica, chlorite; the flake-like texture indicates secondary chlo-
rite) intraparticle pores with high aspect ratios and interparticle pores depend-
ing on the arrangement of individual phyllosilicate aggregates (Figure 5.3C, E, 
I, K and L).  
The fine-grained matrix is defined by the generic term of “clay” though it contains 
very fine-grained clasts mixed with clay minerals. EDX analysis does not allow the 
main type of clay forming the matrix to be characterized but illite and kaolinite (in 
minor amounts) are likely candidates (Hammes et al., 2011). The clay-rich matrix is 
very tight with mostly rounded pores below tens of nanometers (Figure 5.3C, G and I) 
except in some localized regions (at clast interface), where the range of pore mor-
phology and pore size is larger (Figure 5.3A, B, E, M and O). In these last regions, pore 
morphology (from very elongated to crescent shape) and pore size (up to 5 µm in 
length) are defined by the individual arrangement of clay aggregates, as also ob-
served by Desbois et al. (2009) and Loucks et al. (2012). 
5.3.2.4 Organic matter and pore morphology 
Three types of organic matter were found and are defined by morphological char-
acteristics as follows: (1) Type A is represented by organic matter intimately mixed 
with very fine-grained mineral grains and clay minerals (Figure 5.4). Organic matter of 
Type A contains pores with serrated to round edges (Figure 5.4A, D, H, and M). 
Rounded pores are the smallest pores, having a diameter mostly below 500 nm 
whereas larger pores have the serrated pore edges. The orientation of the elongat-
ed pores tend to align to the organic matter-mineral interfaces; (2) Type B emphasiz-
es the sample bedding (Figure 5.4B and E) when present. Organic matter of Type B 
contain pores ranging from a hundred nanometers to a few micrometers in length. 
The larger pores tend to be curved with a high aspect ratio aligned with the bed-
ding; (3) Type C is relatively dark and discrete displaying sharp boundaries with no 
characteristic internal structure and containing hardly any porosity except at the 
interface with the clay-rich matrix (Figure 5.4C, F, K and L).  
According to Fishman et al. (2012), the three types of organic matter defined above 
can be assigned to a certain maceral: organic matter of Type A is interpreted as sol-
id bitumen admixed with clays; organic matter of Type B is unclear and could also 
be solid bitumen, inertinite or may be derived from lamellar alginate; and organic 
matter of Type C is interpreted as terrestrial maceral grains or vitrinite. In addition, we 
mention four exotic organic morphologies only encountered one time in SBI 9-4 and 
SOM 4-4 BIB-cross-sections: the first is a highly porous disk-shaped, organic matter 
particle with rounded pores interpreted as a dissolved radiolarian mold filled with 
solid bitumen (Figure 5.4G); the second is a membrane structure (Figure 5.4H); the 
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third is a C-shaped organic matter particle with only a few irregular pores (Figure 
5.4I), interpreted as a dissolved mold filled with solid bitumen; and the fourth one is a 
very large porous organic matter particle over one hundred micrometers in length 
with concave pore edges (Figure 5.4J).  
 
Figure 5.4. Overview of the organic-matter pores and organic matter types. The BSE images in the three 
left columns are from the Haynesville Shale samples and the right images are from the Bossier 
Shale sample. Organic-matter pores within organic matter mineral mixtures (Type A) are shown 
in (A), (D) and (M). Organic-matter pores in organic laminae are shown in (B) and (E). Non- to 
low-porous discrete organic grains are shown in (C), (F), (K) and (L). Exotic organic matter 
morphologies are shown in the lowest row (G), (H), (I) and (J). See section 5.3.2.4 for more de-
tailed information. 
Organic laminae of Type B were only found in the Haynesville Shale (SBI 9-4, SBI 8-2 
and SOM 9-2). The low-porous Type C and porous Type A organic matter types were 
common to all samples investigated independently of their origin and represent by 
far the most common type of organic matter found in the BIB cross-sections. 
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Pores are thus classified into two main pore classes: non-organic pores (i.e., pores 
which belong to grains, minerals and matrix) and organic-matter pores, as earlier 
proposed by Loucks et al. (2010, 2012). Accordingly, the non-organic pores are then 
further differentiated into interparticle pores and intraparticle pores, whereas organic 
pores can be attributed to the type of organic matter. 
5.3.3 Estimation of REA in BIB cross-sections 
Figure 5 presents mineralogy point counting results from the whole BIB cross-sections. 
The point counting was done by considering four significant main (mineral) phases, 
which are: (1) organic matter and pores (darkest matter; e.g., Figure 5.4), (2) clay-
rich matrix (intermediate gray; e.g., Figure 5.3M), (3) carbonates (light gray; e.g., Fig-
ure 5.3J) and (4) pyrite (lightest gray; e.g., Figure 5.2G) defined respectively by in-
creasing gray value intensity in the BSE images (see section 5.2.3.3). For all of the 
cross-sections, the percentage of these four phases does not vary dramatically with 
increasing box size above an area of 200 x 200 m2; this area is interpreted as the 
REA (Figure 5.5). In detail, some phase contents in the coarser samples like SBI 8-2, 
SOM 4-4, SOM 9-2 and SCN 3-6 (Figure 5.5) do not appear to reach stability (indicat-
ed by a bump or spread in curves) at the area of 200 x 200 m2, arguing against im-
aging a REA, but this happens because of the presence of a single large grain in the 
imaged area. Nevertheless, the mineral contents of the 20,000x mosaic (indicated by 
crosses in the plots of Figure 5.5) are in good agreement with the mineral contents of 
the whole cross-section (average content +/- the standard deviation, Figure 5.5). It 
thus appears that the mosaics imaged at magnifications lower or equal to 20,000x 
magnification have areas larger than the REA, whereas the mosaics imaged at 
40,000x magnification are smaller than the REA and are therefore most likely not rep-
resentative. In the following section we consider mosaics imaged at 20,000x magnifi-
cation as the reference mosaic for quantification. 
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5.3.4 Quantification of porosity from pores segmented in REA 
5.3.4.1 Porosity vs. mineralogy and organic matter 
Table 5-3 shows that the quantifications of porosity at 20,000x magnification in the 
Haynesville and Bossier Shale are based, at the same pixel resolution, on more than 
36,000 and 8600 detected pores respectively. Figure 5.6A shows the total porosity 
detected at a magnification of 20,000x and the distribution of the porosity as a func-
tion of the main mineral phases. Firstly, the results show that the total visible porosities 
in Haynesville samples are significantly higher (from 0.7 to 1.7 %) than the Bossier 
samples (from 0.1 to 0.5 %, Figure 5.6A).  
Table 5-3. Mosaics, number of pores and visible porosity for each sample. 
 
Sample 
Mosaic 
(Magn. kx) 
Area 
[m2] 
# Pores # Pores*† † [%] 
      
H
a
y
n
e
sv
ill
e
 S
h
a
le
 
SBI 9-4 
2 
5 
10 
20 
40 
1.1E+6 
3.5E+5 
8.3E+4 
4.2E+4 
4.5E+3 
11433 
29234 
32157 
46670 
10327 
2441 
8509 
13009 
28518 
8267 
0.27 
0.67 
1.16 
1.71 
2.40 
SBI 8-2 
5 
10 
20 
40 
3.2E+5 
6.9E+4 
4.5E+4 
4.6E+3 
23194 
45808 
44736 
11720 
5804 
13242 
25072 
8500 
0.52 
1.47 
1.36 
1.76 
SOM 4-4 
5 
10 
20 
3.40E+05 
1.10E+05 
4.90E+04 
35534 
31222 
43699 
11250 
18087 
25558 
0.96 
1.63 
1.58 
SOM 9-2 
5 
10 
20 
40 
3.0E+05 
8.4E+04 
4.7E+04 
4.6E+03 
20921 
20363 
36041 
8498 
2613 
4734 
16069 
7153 
0.32 
0.50 
0.75 
1.35 
B
o
ss
ie
r 
S
h
a
le
 
SHSI 6-2 
2 
5 
10 
20 
40 
5.8E+05 
2.9E+05 
7.4E+04 
4.7E+04 
4.6E+03 
1231 
9910 
11242 
23943 
5861 
485 
726 
1409 
6824 
3367 
0.02 
0.11 
0.18 
0.28 
0.38 
SHSI 1-6 
2 
5 
10 
20 
40 
4.5E+05 
2.1E+05 
6.5E+04 
4.0E+04 
4.8E+03 
700 
2708 
3987 
8684 
2228 
17 
171 
531 
2137 
1082 
0.01 
0.03 
0.07 
0.11 
0.13 
SCN 3-6 
5 
10 
20 
40 
3.0E+05 
7.8E+04 
4.5E+04 
5.0E+03 
17920 
13287 
13503 
2937 
3152 
4162 
7972 
2571 
0.30 
0.42 
0.51 
1.04 
SMY 4-2 
5 
10 
20 
40 
3.0E+05 
8.0E+04 
5.0E+04 
6.7E+03 
28998 
17363 
15160 
3694 
8127 
5478 
8337 
2576 
0.68 
0.55 
0.54 
0.71 
* Total number corrected for the cracks and pores below the PPR. †Excluding cracks. 
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Figure 5.6. Porosity, pore classification and organic-matter porosity in each sample. (A) Visible porosities 
in the organic matter, clay-rich matrix and minerals (carbonates, chlorite and pyrite) for each 
20,000x mosaic. (B) Ternary diagram with number of pores in clay-rich matrix versus organic-
matter pores versus other pores for all samples (modified from Loucks et al. (2012). (C) Average 
porosity in Type A, B and C in each sample. Number of pores and organic matter particles are 
given for each organic-matter type above the standard deviation whiskers. 
Secondly, Figure 5.6A shows that for both shales, most of the porosity is associated 
with the clay-rich matrix and carbonate phase. Still, porosity supported by organic 
matter is significant in most of the samples, except for the Bossier Shale samples SHSI 
6-2, SHSI 1-6, SCN 3-6 where the contribution of organic-matter porosity is negligible. 
In the ternary diagram (modified from Loucks et al., 2012), most samples fall towards 
the left corner of the diagram characterized by pores mainly associated with the 
clay-rich matrix. Only the pores in sample SMY 4-2 (Bossier Shale) deviate from this 
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observation; the majority of these pores are in the carbonate phase and appear 
largely as intraparticle pores (Figure 5.3). 
Focusing on the porosity supported by the organic matter only (Figure 5.6C), we ob-
serve that organic matter within Haynesville Shale is much more porous than organic 
matter within the fine-grained Bossier Shale samples, for all three types of organic 
matter. Moreover, it appears that Type A (the organic-mineral mixtures) shows the 
highest average porosities compared to the other types for both the Haynesville and 
Bossier Shale. The large standard deviation in the porous organic matter types A and 
B is striking. This shows the highly heterogeneous character of these two porous or-
ganic matter types and questions the representativeness of the organic-matter po-
rosity. 
5.3.4.2 Pore size distribution obtained from BIB-SEM 
Figure 5.7 shows the PSD as frequency plots for all pores detected in each SEM mosa-
ic at different magnifications (40,000x, 20,000x, 10,000x, 5,000x and 2,000x). Firstly, all 
PSDs clearly show that segmented pores are below 5 micrometers in size. Secondly, 
the frequency plots show that the occurrence of pores increases with decreasing 
equivalent pore diameter size, independently of the sample, type of shale and 
magnification. Selected Haynesville shales show pores up to 2.2 µm to 4.4 µm in 
equivalent diameter, whereas the Bossier samples show pores up to 1.6 µm to 2.5 µm 
in equivalent diameter. Towards the smaller pore sizes, frequency plots suffer a signif-
icant cut-off below 36 nm equivalent diameter. The peak of pore frequencies ap-
pears at a pore diameter equivalent to a pore area of about 19 pixels (~ 1x103 nm2 
at a magnification of 40,000x). Therefore, the value of 19 pixels pore area is interpret-
ed as the practical pore resolution (PPR) in our study and it is common to all mosaics 
imaged at the different magnifications. Below the PPR, the detection of porosity is 
not accurate (Klaver et al., 2012). Mosaics imaged at a magnification of 20,000x ap-
pear to be a good compromise between REA and pixel resolution because they 
contain the highest number of pores above the PPR within the REA (Figure 5.7 and 
Table 5-3).  
When focusing on pores with pore areas above the PPR, the logarithm of pore fre-
quencies, normalized by mosaic area and bin size as a function of logarithm of pore 
areas, show linear behavior, suggesting a power law distribution of pore areas. Pow-
er law distributions of pore areas are observed for all samples and at all magnifica-
tions and are indicative of the self-similar behavior of pore sizes. In the Haynesville 
Shale samples, pore area distributions are described with power law exponents in the 
range of 2.36 < D < 2.41 and with Log C parameter in the range of -1.12 < Log C < -
0.78. These values were obtained from mosaics imaged at a magnification of 
20,000x. Bossier samples show comparable power law distribution behavior to the 
Haynesville samples. However, power law exponents of the two finer grained sam-
ples are clearly larger than power law exponents measured for the Haynesville Shale 
(D = 2.48 for SHSI 6-2 and D = 2.45 for SHSI 1-6), whereas for the two coarser grained 
samples the power law exponents are smaller (D = 2.29 for SCN 3-6 an D = 2.25 for 
SMY 4-2). Log C parameters from all the four samples of Bossier Shale  
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Figure 5.7. PSD and normalized PSD per sample. The two left columns show results from the Haynesville 
Shale and the two right columns show results from the Bossier Shale. Sample names are given 
above the PSD and normalized PSD diagrams, the legend names below correspond with the 
magnification of the mosaics. For each sample the best fit of the 20,000x mosaic is shown as a 
black solid line with the D and Log C values. Data points represent normalized frequencies of 
pores larger than 19 pixels. 
are lower than values measured for the Haynesville samples (-1.95 < Log C < -1.28). 
Independent of the shale’s origin, we observe a slight trend of increasing power law 
exponent related to decreasing grain size (see section 5.3.2.2) and decreasing Log C 
parameter with decreasing visible porosity. 
Figure 5.8 shows the logarithm of pore frequencies normalized by mosaic area and 
bin size as a function of logarithm of pore areas in a given mineral or a given organic 
matter type; the pore areas are above the PPR and at a magnification of 20,000x.  
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Figure 5.8. Normalized PSD per phase. The left column shows results from the non-organic-matter pores 
and the right column shows results from organic-matter pores. Minerals or organic matter types 
are given above the normalized PSD diagrams, sample names are given in the legend. For 
each normalized PSD the best fit is shown as a solid line and the D and Log C values are given 
for each fit. 
Again, the pore areas follow a power law distribution indicated by linear distribution 
of pore areas in the log-log plots (Figure 5.8). For a given mineral phase or organic 
matter type the power law exponents are: for pores in clay-rich matrix 2.21 < D < 
2.76, for pores in carbonates 2.11 < D < 2.38, for pores in pyrite 1.74 < D < 2.22, for 
pores in chlorite D ≈ 1.9, for all organic pores 1.91 < D < 2.51, for organic pores in Type 
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A 1.70 < D < 2.09, for organic pores in Type B 1.70 < D < 2.21 and for organic pores in 
Type C 1.53 < D < 2.00 (Figure 5.8). Because of the very low number of pores found in 
pyrite, chlorite and organic matter types (typically less than 1000 pores), these power 
law exponents cannot be considered as robust. For pores in the clay-rich matrix 
phase and carbonates, power law exponents tend to slightly increase with decreas-
ing grain size (see section 5.3.2.2), independent of the shale’s origin. In addition, a 
rough correlation appears between increasing grain size and decreasing Log C of 
the clay-rich matrix pores.  
5.3.4.3 Pore morphologies and orientation 
Figure 5.9 compiles the distribution of morphological parameters (circularity, convexi-
ty and elongation) of pores segmented above the PPR in all mosaics imaged at 
20,000x magnification, for both the Haynesville and Bossier Shale. Circularity, convexi-
ty and elongation parameters observed for pores in each mineral phase (clay-rich 
matrix, carbonates, pyrite, chlorite and organic matter) or organic matter type (A, B 
and C) are plotted as frequencies stacked per sample for each shale. Thus, the cu-
mulative frequency plots represent the overall distribution of a given parameter for 
all pores detected in a given phase of either the Haynesville or Bossier Shales. The 
cumulative frequency curves of a parameter are indicated by the black line (Figure 
5.9) on each plot based on the full population of pores for a given phase and a ref-
erence point (crosses at 0.5 : 0.5 in Figure 5.9). In addition, pore orientations of the 
longest axis for each mineral phase or organic matter type are plotted in rose dia-
grams (Figure 5.9). 
Figure 5.9 shows that all samples have comparable distributions of pore shapes. For 
the Haynesville Shale, all mineral phases and organic matter types show circularity 
with a left skewed distribution with a frequency peak between 0.70 and 0.75, a clear 
pore convexity of mainly 1 and an elongation with a peak between 0.55 and 0.60. 
The average elongation is lower than the estimated average aspect ratio of 0.04 
(elongation = 0.96) found by Jiang and Spikes (2013); however, their model estimat-
ed the aspect ratio of pores, cracks, and fractures combined. For the Bossier Shale as 
a whole, there are some similar observations: circularities have a left skewed distribu-
tion, a main pore convexity of 1 and a left skewed elongation distribution. However, 
there are differences between the samples. For the pores in the clay rich matrix, the 
fine-grained samples (SHSI 6-2 and SHSI 1-6) have on average a lower circularity (0.55 
- 0.60 vs. 0.70 - 0.75) and on average a slightly higher elongation (0.65 - 0.70 vs. 0.60 - 
0.70) compared to the coarse-grained samples (SCN 3-6 and SMY 4-2). This is even 
more pronounced for the pores in the carbonate phase. The pores in chlorite (only 
detected in the Bossier Shale) diverge from the trends mentioned above: circularities 
are significantly smaller with a peak at about 0.4 and elongations are much larger 
with a peak at around 0.8. Moreover, for the Bossier Shale samples, the low number 
of pores detected in Types B and C does not provide representative distributions. 
Pore orientations indicate a preferential orientation of the longest pore axis sub-
parallel to the bedding in clay-rich matrix, carbonates, chlorite and organic matter, 
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and is most pronounced in the Haynesville Shale samples. Pores in pyrite show a ra-
ther random orientation in both shales.  
 
Figure 5.9. Pore shape and orientations in the clay-rich matrix, carbonate, pyrite, chlorite and organic 
matter particles. The Haynesville Shale samples are on the left side and the Bossier Shale sam-
ples on the right side. Pore shapes are presented as frequencies (0-1), normalized by the max-
imum frequency, vs. circularity (0-1), convexity (0-1) and elongation (0-1). Frequencies are col-
or coded, see the legend below for the sample names. Solid lines are the corresponding cu-
mulative frequency plots, crosses at [0.5;0.5] are for reference. The rosediagrams illustrate the 
orientations of the pores within each phase. Only the pores above the PPR are used for the 
plots (N). 
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5.4 Discussion and interpretation 
5.4.1 Conceptual pore model of the Haynesville Shale and Bossier Shale 
For both the Haynesville and the Bossier shale we can state that in general most of 
the interparticle pores are within the clay-rich matrix. Intraparticle pores are mostly 
encountered, in decreasing quantity, in: dolomite, calcite, pyrite, chlorite and mica 
grains. Pore location indicates the type of pore network (Loucks et al., 2012) and is 
controlled by the number and connectivity of interparticle, intraparticle and organic 
pores. Most of the porosity is located in the non-organic phases (Figure 5.6A), which is 
in agreement with the findings of Curtis et al. (2010, 2011b; 2012b) for the Haynesville 
Shale. When taking into account the observation that most of the interparticle pores 
are between the clay minerals or in the clay-rich matrix and that the intraparticle 
pores are mostly encountered in dolomite, calcite, pyrite, chlorite and mica grains, 
we can project our results onto the classification scheme from Loucks et al. (2012). 
This would mean the SBI 9-4 and SBI 8-2 samples have a mixed pore network and that 
SOM 4-4 and SOM 9-2 samples have an interparticle pore network (Figure 5.6B). In 
cross-section SMY 4-2, most of the pores are associated with the carbonate phase, 
and therefore this sample is dominated by intraparticle pores. The other cross-
sections indicate an interparticle pore network. In addition, despite that there is an 
overall heterogeneous microstructure to all the samples (Figure 5.1-2), similarities in 
porosity at the scale of the mineral grain and organic matter are observed (Figure 
5.3-4 and Figure 5.7-9). Independent of the origin of the shale, each phase exhibits 
qualitative (Figure 5.3-4) and quantitative (Figure 5.9) characteristic pore morpholo-
gies (i.e., circularity, convexity and elongation) and similar power law exponents (of 
the PSD, Figure 5.7-8). These microstructural similarities suggest that each characteris-
tic phase of the shale has predictable microstructural pore characteristics, compa-
rable to the “Elementary building blocks” concept, as proposed for different 
claystones by Houben et al. (2013, 2014a) and Hemes et al. (2013). 
Porosity measured with MIP (from 7.5 % to 9.2 % for the Haynesville Shale and from 2.2 
% to 6.9 % for the Bossier Shale; Table 5-1) is significantly higher than the visible porosi-
ty in the BIB-SEM mosaics (from 0.8 % to 1.7 % for the Haynesville Shale and from 0.1 % 
to 0.5 % for the Bossier Shale, at a magnification of 20,000x; Table 5-3). Differences in 
the porosity values are mainly due to differences in resolution between the two 
methods: MIP measures the connected porosity down to a pore throat size of 3 nm, 
whereas BIB-SEM measures the visible porosity down to a certain number of pixels 
(i.e., 19 pixel area size in this contribution, corresponding to a 72 nm equivalent di-
ameter at a 20,000x magnification). Therefore, much more smaller pores are present, 
some of which are also imaged by the SEM (Figure 5.7). By trying to evaluate the to-
tal porosity, we assume that the distribution of pore areas below the resolution of the 
BIB-SEM method follows a similar power law distribution to the sizes of visible pores. 
This enables the estimation of the total porosity by extrapolation of the power law 
down to the resolution of MIP; i.e., to a pore diameter of 3 nm. Extrapolation of the 
PSDs, using the same power law exponents and Log C parameters from Figure 5.7, 
results in total extrapolated porosities in the same range as the MIP data (Figure 5.10) 
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within the 95 % confidence level of the linear best fit of the log-log plot. The wide 
spread between the upper and lower boundary is a result of the sensitivity of the 
power law function.  
 
Figure 5.10. PSD extrapolation and comparison with MIP. Diagrams show the visible porosities per mosaic 
(magnification), MIP bulk porosity and extrapolated porosity for each sample. Input values 
(D/Log C) for the extrapolated best fit are conform Figure 5.7. The thin dashed lines are the ex-
trapolations based on the 95 % confidence levels of the linear best fit. Diagrams on the left are 
from the Haynesville Shale and on the right are from the Bossier Shale. 
Of course, this is an extrapolation, over more than one order of magnitude, but other 
methods like FIB-SEM and USANS/SANS indicate that pores in shales tend to follow a 
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power law distribution down to a pore diameter of at least 5 nm (Clarkson, 2013; 
Curtis et al., 2010). 
5.4.1.1 Effect of organic matter and maturity on porosity 
TOC values of the Haynesville and Bossier Shale samples both suggest a positive cor-
relation with the visible porosity (Figure 5.11A) because of the high organic-matter 
porosity (Figure 5.6C). This is despite the fact that the TOC is a minor part of the sam-
ples (Table 5-1) and is in agreement with Milliken et al. (2013) for TOC below 5 %. The-
se high organic-matter porosities exist because there is an increasing average organ-
ic-matter porosity of type A (interpreted as solid bitumen) with increasing maturity 
(Figure 5.11B). This confirms the conventional idea about increasing organic-matter 
porosity with increasing maturity (Chalmers et al., 2009; Jarvie et al., 2007; Loucks et 
al., 2009).  
 
Figure 5.11. Porosity vs. TOC and maturity. (A) Visible BIB-SEM porosity of the REA mosaics vs. average 
TOC. (B) Average organic-matter porosity of Type A vs. VRr, the whiskers represent the standard 
deviations of the maturity measurements. 
This positive relationship (Figure 5.11B) between organic-matter porosity and thermal 
maturity is different from the findings of other studies (Curtis et al., 2011b; Curtis et al., 
2012a; Fishman et al., 2012) that did not observe an increase in organic-matter po-
rosity with increasing maturity. This difference may be because of several reasons:  
1. the intrinsic heterogeneous character of the organic matter (see also Curtis et 
al., 2011b; Curtis et al., 2012a) requires a large amount of organic matter par-
ticles to be studied; 
2. the increase of organic-matter porosity with maturity is countered by organic-
matter pore collapse during continuous compaction as suggested by Curtis et 
al. (2011b) and Milliken et al. (2013); 
3. other studies did not consider the roles of different organic matter types and 
studied relative small areas using FIB-SEM (Curtis et al., 2011b, a; Curtis et al., 
2012a); 
4. Fishman et al. (2012) qualitatively studied organic-matter porosity in different 
organic macerals but not in solid bitumen (here Type A) of gas window ma-
turity; 
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5. finally, we observe this trend only in a relative small maturity range (1.8 - 2.6 
VRr) and the one to one comparison of different shales with various geological 
histories may therefore not be representative. 
Nevertheless, for porosity estimation of pores > 70 nm in these samples, the average 
organic-matter porosity of Type A increases from 1.8 - 2.6 VRr.  
5.4.1.2 Effect of mineralogy and grain size on porosity 
We observe a slight trend of a decreasing power law exponent in the PSDs with in-
creasing average grain size and an increasing degree of a grain-supporting fabric 
within the sample (Figure 5.2 and 8). Particularly for pores in the clay-rich matrix and 
in carbonates this suggests that samples with larger grains and a higher degree of 
grain-supporting fabric contain relatively fewer small pores than large pores with re-
spect to the finer-grained and more matrix-supported samples. Hence, we suggest 
that a coarse-grained, grain-supported framework prevents pores from collapsing as 
a result of mechanical compaction in the clay-rich matrix, similar to the model of 
Schneider et al. (2011). This trend is less obvious in the power law exponents of the 
organic matter pores possibly indicating that the organic-matter porosity postdates 
mechanical compaction. 
5.4.2 Implications for storage and transport  
The large difference between the MIP porosity and the visible BIB-SEM porosity sug-
gests that a major part of the porosity is in the pores < 72 nm in equivalent diameter. 
In addition, the similarity between MIP porosities and estimated porosities would im-
ply that a major part of the pores are accessible to mercury. It is most likely that 
samples SBI 9-4 and SBI 8-2 (both classified as a mixed-pore network) and SOM 4-4 
host the most unconnected pores, not accessible to mercury. The similarity between 
the MIP and the estimated porosity in sample SMY 4-2 suggests the pores are con-
nected, though the vast amount of intraparticle pores in the carbonate grains are 
most likely isolated (Figure 5.6B). The higher MIP values of SHSI 1-6 and SCN 3-6 might 
be an effect of crack filling during mercury injection. Typically, the samples most rich 
in clay-rich matrix, or interparticle pores, samples SOM 9-2 and SHSI 6-2 (Figure 5.7B), 
show the best match between the MIP and estimated porosity, indicating the high 
connectivity of this kind of pores. Still, for real confidence on the pore connectivity 
and the influence of cracks, FIB-SEM to visualize the pore throats, Wood's Metal Injec-
tion in combination with BIB-SEM to image the connecting WM-filled pores or gas ad-
sorption to probe the pores down to molecular size should be considered. 
5.5 Conclusions 
In summary we conclude that for these samples from the Haynesville and Bossier 
Shale: 
1. The majority of the BIB-SEM porosity is associated with minerals and not with 
organic matter.  
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2. As the organic-matter porosity is relatively high, a high TOC in these 
postmature to overmature rocks results in a relatively higher porosity than a 
low TOC.  
3. Different organic matter types yield different pore characteristics. The ter-
restrial maceral grains or vitrinites show little or no porosity whereas the solid 
bitumen show much higher porosities (average up to 13.1 %).  
4. The solid bitumen shows an average increase of organic-matter porosity 
with increasing maturity in the maturity range studied (VRr = 1.8 - 2.6). 
5. Pore sizes follow a power law distribution, between 4.4 m and 36 nm 
equivalent pore diameter, which enables extrapolation to smaller pore siz-
es which are probed by MIP.  
6. Samples and mineral phases show typical pore size distributions. Pores in 
the clay-rich matrix have a relatively high power law exponent (2.21 < D < 
2.76), pores in carbonates an intermediate power law exponent (2.11 < D < 
2.38), and pores in solid bitumen a relatively low power law exponent (1.70 
< D < 2.09). 
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Chapter 6: The connectivity of 
pore space in mudstones: insights 
from high pressure Wood's Metal 
Injection, BIB-SEM imaging and 
Mercury Intrusion Porosimetry 3 
Abstract 
Study of the pore space in mudstones by mercury intrusion porosimetry is a common 
but indirect technique and it is not clear which part of the pore space is actually 
filled with mercury. We studied samples from the Opalinus Clay, Boom Clay, Haynes-
ville Shale, and Bossier Shale Formations using Wood’s metal injection at 316 MPa, 
followed by novel ion beam polishing and high-resolution scanning electron micros-
copy. This method allowed us to analyze at high resolution which parts of a rock are 
intruded by the liquid alloy at mm to cm scale. Results from the Opalinus Clay and 
Haynesville Shale show Wood’s Metal in cracks, but the majority of the pore space is 
not filled although mercury intrusion data suggests that this is the case. In the silt-rich 
Boom Clay sample, the majority of the pore space was filled Wood’s metal, with un-
filled islands of smaller pores. Bossier Shale shows heterogeneous impregnation with 
local filling of pores as small as 10 nm. We infer that mercury intrusion data from these 
samples is partly due to crack filling and compression of the sample. This compaction 
is caused by effective stress developed by mercury pressure and capillary resistance; 
it can close small pore throats, prevent injection of the liquid metal, and indicate an 
apparent porosity. Our results suggest that many published MIP data on mudstones 
could contain serious artifacts and reliable metal intrusion porosimetry requires a 
demonstration that the metal has entered the pores, for example by Wood’s metal 
injection, broad ion beam polishing, and scanning electron microscopy.  
                                                
3 Klaver, J., Hemes, S., Houben, M., Desbois, G., Radi, Z., Urai, J.L., 2015. The connectivity of 
pore space in mudstones: insights from high pressure Wood's Metal Injection, BIB-SEM imaging 
and Mercury Intrusion Porosimetry. Geofluids. 
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6.1 Introduction 
Porosity and permeability analyses are of great importance in many fields of geosci-
ences. These analyses are difficult in fine-grained rocks like mudstones. One of the 
common techniques used to measure porosity, pore size distribution and capillary 
breakthrough pressure in these rocks is Mercury Intrusion Porosimetry (MIP) (e.g., 
Busch and Amann-Hildenbrand, 2013; Chalmers et al., 2012b; Clarkson et al., 2013; 
Emmanuel and Day-Stirrat, 2012; Josh et al., 2012; Urai et al., 2008; Yang and Aplin, 
2007). MIP measures the volume of mercury injected into a pressure vessel containing 
the sample, at increasing pressures. Results of these measurements are traditionally 
interpreted as progressive entry of the mercury into the connected pore space of 
the rock. Pore-size distributions are calculated using Washburn’s equation(Washburn, 
1921); more details of the morphology and connectivity of the pore space can be 
derived from the volume changes during lowering the mercury pressure (Webb, 
2001). However, a number of publications have shown that for various fine-grained 
materials like cements, ceramics and mudstones the pore size distributions obtained 
by MIP overestimates the small pores and underestimates the large pores because of 
complicated (e.g., ink-bottle) pore shapes (Abell et al., 1999; Diamond, 2000; 
Hildenbrand and Urai, 2003; Holzer et al., 2004). The volume of injected mercury is 
interpreted as the total connected porosity and studies found correlations of MIP 
porosity in fine-grained rocks with other techniques. For example, a positive correla-
tion was found between N2 BET surface area and MIP porosity in shale gas reservoirs 
(Ross and Bustin, 2009). Armitage et al. (2010) reported a clear positive relationship 
between the calculated porosity fraction using QEMSCAN® and MIP porosity in fine-
grained rocks, although the MIP porosities are higher. Other studies that compared 
MIP with visible porosities obtained by Broad Ion Beam and Scanning Electron Mi-
croscopy (BIB-SEM) of fine-grained rocks, also reported that the MIP porosities are 
larger (Hemes et al., 2013; Houben et al., 2013; Klaver et al., 2012). This discrepancy is 
mostly attributed to resolution issues, though there might be other reasons that could 
account for this gap. Due to the high pressures during MIP, deformation and com-
paction can occur, especially in mudrocks (Hildenbrand and Urai, 2003) or coals 
(Yao and Liu, 2012), however this is traditionally interpreted as filling of the pore 
space. Compaction during MIP can account for a volumetric strain over 20 % in Kao-
lin Clay (Penumadu and Dean, 2000). In anisotropic rocks this can be enhanced by 
the omnidirectional intrusion of the non-wetting fluid (Hildenbrand and Urai, 2003). 
Moreover, a part of the intruded mercury maybe due to filling of cracks caused by 
the sample preparation and dehydration (Klaver et al., 2012). Usually, the mercury 
intrusion volumes at low pressures (corresponding to large pores) in fine-grained rocks 
are the result of those cracks, and are therefore removed from the analyses. It is un-
known to what extent these cracks play a role at higher pressures, whether they get 
wider or close during intrusion and this cannot be deduced from MIP data alone. 
Until now, only limited direct observations exist of mercury filled pore space (Giesche, 
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2006; Moro and Böhni, 2002) and there is no visible evidence whether mercury pene-
trates the small pores in fine-grained anisotropic rocks. The high injection pressures 
applied during MIP (Pinjection = Ppore = Pconfining > 400 MPa), the bottle-neck pore shape 
and the anisotropic microstructure of the material, can cause an effective stress, ', 
(Terzaghi, 1923) and compression of the rock instead of filling of the pore space, 
which cannot be distinguished based on the MIP data only. Recent advances in ion 
polishing have improved the imaging of pores in fine-grained rocks using BIB-SEM 
(e.g., Hemes et al., 2013; Houben et al., 2013; Klaver et al., 2012) and in 3D Focused 
Ion Beam (FIB)-SEM image-stacks (e.g., Curtis et al., 2010; Holzer et al., 2004; Keller et 
al., 2011a). However, FIB-SEM tomography in fine-grained rocks often does not re-
solve the connecting pore throats (e.g., Houben, 2013; Houben et al., 2014b; Keller et 
al., 2013b) and studied sample volumes are generally smaller than the representative 
volume element of heterogeneous mudstones (Keller et al., 2013a). By combining 
BIB-SEM with Wood's Metal Injection (WMI), the connected pore space can be visual-
ized over representative areas and at high, nanometer scale resolution. The ad-
vantage of Wood’s Metal (WM; 50 % bismuth (Bi), 25 % lead (Pb), 12.5 % tin (Sn), 12.5 
% cadmium (Cd)) is that in the molten state it has similar physical properties to mer-
cury but it melts at 70 °C. This allows injection of the liquid WM into the pore space in 
a pressure vessel at 90 ºC, solidifying under pressure, and imaging the metal in the 
pores with BIB-SEM to obtain direct evidence of pores filled with the metal and com-
pare it with MIP. In previous studies, WMI was used on a wide variety of materials; for 
example sandstone (Dullien, 1981; Yadav et al., 1987), cements (Abell et al., 1999; 
Willis et al., 1998), induced fractures in concrete (Nemati, 2000), feldspars (Dultz et al., 
2006), salt and clays (Hildenbrand and Urai, 2003), porous ash (Lloyd et al., 2009), po-
rous carbonates (Galaup et al., 2012), Berea sandstone and metagraywacke (Hu et 
al., 2012). These studies used lower pressures than MIP and used mechanical polish-
ing which hinders accurate SEM imaging of nanopores (Klaver et al., 2012). Houben 
(2013) applied WMI on Opalinus Clay at pressures up to 200 MPa and found WM 
mostly in the cracks and large pores adjacent to the cracks, but not in matrix pores. 
Hu et al. (Hu et al., 2014) injected a Barnet shale sample with liquid WM at 600 MPa 
and found no noticeable connected matrix porosity. 
In this paper we aim to solve a series of research questions, like: 1) where and how 
does the molten metal intrudes in heterogeneous mudstones; 2) can we link the 
WMI-BIB-SEM observations to MIP bulk measurements; 3) what is the effect of ion 
beam milling on the WM. We present results of high pressure WMI experiments on four 
different fine-grained samples, in combination with cool BIB polishing and SEM imag-
ing. Using high injection pressures equivalent to 3 - 5 nm in pore throat diameter, we 
show that the WM can fill accessible pores of at least 10 nm in size. To get a better 
understanding of the breakthrough pressure and possible artifacts during MIP we also 
performed MIP on the samples and compared this with the WMI-BIB-SEM observa-
tions. The novelties of this research are the high injection pressures used for the WMI, 
and the subsequent (cool) BIB milling and SEM imaging. 
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6.2 Samples and methods 
6.2.1 Sample description 
Four fine-grained rock samples comprising various ranges of mineralogy and micro-
structure were investigated in this study (Table 6-1). Two samples, the Opalinus Clay, 
from the Mont Terri underground laboratory in Switzerland and Boom Clay, from Bel-
gium are potential host rocks for the disposal of radioactive waste in Europe.  
The Opalinus Clay is a Jurassic mudstone from the Dogger section with three different 
facies deposited in a marine environment during the Aalenian (Thury and Bossart, 
1999). For this study we used a sample of the fine-grained, matrix supported and ho-
mogeneous shaley facies which consists of porous clay matrix (80 %), fossil shells, py-
rite framboids, and siderite and non-porous quartz, calcite, mica and organic matter 
(Houben, 2013). The microstructure and pore morphology of the shaly facies of the 
Opalinus Clay is well known from the work of Houben (2013; 2013, 2014a; 2014b) and 
Keller (2013a; 2011a; 2013b). Houben et al. (2013) classified different pore types and 
identified cracks down to 2 m in width that accounted for 20 % of the BIB-SEM po-
rosity. The pore types consist of: elongated pores mainly aligned to the bedding in 
the clay matrix (accounting for 50 % of the porosity); randomly orientated angular 
pores (average pore diameter of 90 nm) in the fossils (accounting for 27 % of the po-
rosity); intercrystalline angular pores in pyrite framboids; intragranular elongated to 
roughly circular pores in siderite with jagged edges (Houben et al., 2013). 
The Boom Clay Formation is a fine-grained marine sediment from the Rupelian. The 
sample investigated in this study (EZE64; ON-Mol-1-196; Hemes et al., 2013; 
Zeelmaekers, 2011), originates from the Mol-1 borehole at the Mol-Dessel research 
site for radioactive waste disposal in Belgium from a level of depth of ~196 meters 
(bsl). The sample is from a silt-rich bed within the coarse-grained Belsele-Waas mem-
ber, at the base of the Boom Clay Formation (Zeelmaekers, 2011). The Boom Clay 
shows a very homogeneous mineralogical composition, with only quantitative varia-
tions in the amount of different mineral phases (ONDRAF/NIRAS, 2001). The clay min-
eral fraction consists mainly of Illite and Kaolinite, with minor constituents of Chlorite 
and Smectite (Vandenberghe, 1978b, a). The relative amounts of the different clay 
minerals to each other vary, as does the overall sum of clay minerals (between 30-70 
Vol.-% with an average of 55 %; ONDRAF/NIRAS, 2001). The sample analyzed in the 
present study contains ~ 72 dry wt.-% non-clay minerals and only about 28 dry wt.-% 
of clay minerals. The median grain diameter of the sample is ~ 15.6 µm, but the sam-
ple contains a significant amount of silt and even fine sand-sized particles (> 63 µm 
grain diameter. The microstructure of this sample consists mostly of silt-sized quartz 
and feldspar grains, with clay minerals in between and shows three main pore types: 
1) large pores (> 10 m) between quartz and feldspar grains; 2) smaller pores (< 1 
m) in the clay matrix; 3) intragranular pores in the quartz and feldspar grains. Most 
of the pores are in the clay matrix, but the larger pores occupy most of the porosity; 
the intragranular porosity is minor, isolated and was therefore interpreted as fluid in-
clusions (Hemes et al., 2013).  
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The other two samples are from hydrocarbon producing geological formations and 
shale gas plays from the Upper Jurassic Haynesville and Bossier formations, cored in 
Western Louisiana, US. These organic-rich shales were deposited in a low-energy ma-
rine environment under mostly dysoxic conditions after each other during the open-
ing of the Gulf of Mexico Basin, with the Bossier Shale being the younger one 
(Hammes and Frébourg, 2012). The samples were cored at large depth (Table 6-1) 
and are tighter than the other two samples investigated. The Haynesville Shale sam-
ple (SOM 4-4) is a silty calcareous mudstone, with a relatively high total organic con-
tent (TOC) of 5.0 wt. %; its microstructure consists of large (>20 m) carbonate grains 
with mostly intraparticle pores, quartz grains, a clay-rich matrix with interparticle 
pores that account for more than half of the porosity, organic matter containing 
secondary porosity and pyrite with intercrystalline porosity(Klaver et al., 2015a). The 
Bossier Shale sample (SMY 4-2) is a calcareous mudstone with a TOC of 1.1 wt. %. The 
microstructure consist almost exclusively of large calcite grains of about 50 m in size 
with intraparticle pores and minor amounts of porous organic matter and clayey ma-
trix in-between the large grains that lack a clear preferred orientation (Klaver et al., 
2015a). From the same work it follows that for both samples the pores are several mi-
crometer in size or smaller and that the pores in the Haynesville Shale have a more 
preferred orientation, sub-parallel to the bedding. Sub-samples for the MIP and WMI 
experiments were taken less than a few cm apart from each other and were macro-
scopically the same for the Haynesville and Bossier Shale samples.  
Table 6-1. Sample properties of all four samples. Abbreviations of the sample names are given in the 
second column XRD obtained mineralogies are from previous studies, as well as the BIB-SEM 
porosities (see the references for more detailed information). BIB-SEM porosities depend on the 
magnification used, given in kx =1000 times between the brackets. 
Sample Abr. 
Current 
depth [m] 
 
QRTZ + 
FS [%] 
Carbonates 
[%] 
Clay 
[%] 
BIB-SEM Po-
rosity [%] 
Opalinus clay 
(Shaly facies) 
OC ~300 a 
 
20 22 58 ~2 (20kx) b 
Boom Clay (EZE64) BC 253  71 0 29 21 (30kx) c 
Haynesville Shale 
(SOM 4-4) 
HS 4041 
 
40 32 28 1.6 (20kx) d 
Bossier Shale (SMY 
4-2) 
BS 3762 
 
11 79 10 0.5 (20kx) d 
Legend: a (Thury and Bossart, 1999); b (Houben et al., 2013); c (Hemes et al., 2013), d (Klaver et al., 2015a). 
 
The four samples show a wide range in clay contents, porosity (Table 6-1), grain size 
and framework type (grain vs. matrix supported). The average grain size decreases in 
the following order: Boom Clay; Bossier Shale; Haynesville Shale; Opalinus Clay. The 
Bossier Shale and Boom Clay, to some extent, samples are grain supported whereas 
the Haynesville Shale and Opalinus Clay are matrix supported. The Haynesville Shale 
sample is the richest in organic matter. All samples were stored dry in an exsiccator 
under vacuum and with silica gel.  
6.2.2 Wood’s Metal Injection 
WMI, like MIP, is based on the capillary law for non-wetting liquids: D = -4 (1/P) γcos 
φ (Washburn, 1921), where D is the pore throat diameter (m), P the capillary pressure 
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(Pa), γ the surface tension of the fluid (N/m) and φ the wetting angle (degree) (Urai 
et al., 2008). Thus, the amount of metal entering the sample at a given pressure is 
equal to the pore volume accessible through pore throats with the corresponding 
diameter.  
Our WMI apparatus (Figure 6.1A) consists of a pressure cell and two pistons, external 
heating, a thermocouple to measure the temperature, and a support for gently 
pushing the solid WM containing the sample out of the vessel after the experiment. 
The pressure cell was loaded in a manually controlled hydraulic press (max. 10 ton), 
equipped with a pressure gauge. 
 
Figure 6.1. WMI. (A) Setup pressure cell used for the WM injection (after Hildenbrand and Urai, 2003). (B) 
Diagram showing the incremental pressure steps and the equivalent pore throat diameters of 
a representative WM injection experiment. Left y-axis is the WM pressure and the right y-axis is 
the equivalent pore throat diameter versus the time on the x-axis. 
For the WMI experiment, the pressure vessel was heated to ~ 75 °C and the WM 
melted in the pressure cell with the bottom piston in place. Prior to the WMI experi-
ment, the Opalinus Clay and Boom Clay samples were oven dried at 80 °C for 24h. 
The dry samples were immersed in the molten metal (Figure 6.1A), and the top piston 
was put in place. The metal pressure was increased by 10-20 MPa, in time steps of 10 
minutes, to a maximum of 316 MPa, in ~ 4-5 hours (Figure 6.1B). Taking an interfacial 
tension of 0.420 N/m and a wetting angle of 140° (Abell et al., 1999; Hildenbrand and 
Urai, 2003), this pressure corresponds to a pore throat diameter of 4.1 nm (Washburn, 
1921). After the maximum pressure was reached, the heating was turned off, and, 
after letting the system cool down over night, the pressure was released and the so-
lidified WM cylinder (containing the samples) was pushed out of the pressure cell. 
The samples were then mechanically cut out of the WM (at room temperature). Af-
terwards, the injected rock samples were pre-polished dry, using silicon carbide pa-
pers (down to grit 2400 see Houben (2013) for details), to prepare them for ion polish-
ing. 
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6.2.3 Ion polishing and SEM Imaging 
6.2.3.1 Cold BIB polishing 
It is known from literature (e.g., Park et al., 2007; Viguier and Mortensen, 2001) that 
samples heat up during ion beam milling. Our initial WMI-BIB-SEM observations also 
suggested melting of the alloy (Houben, 2013), during BIB milling. In this study we 
used an Argon ion beam polisher (Technoorg SC-1000), equipped with a Peltier 
module for keeping the sample temperature below 40 °C during ion polishing. To 
create large planar polished sections of about 1 cm2, the samples are rotated during 
low angle (6 - 9°) Argon ion bombardment. We applied the following configuration 
steps, using a focused high-energy ion source (FHEG) for polishing and a focused 
low-energy ion source (FLEG) for final cleaning. In the FHEG mode, an incident angle 
of 6° was used for 90 minutes, with an anode voltage of 10 kV and a focus voltage of 
5 kV. In the FLEG mode, two different voltages were applied, both at an incident an-
gle of 9° for 15 minutes, but first with an anode voltage of 1 kV and a focus voltage 
of 0.7 kV, and secondly using an anode voltage of 0.4 kV and a focus voltage of 0.28 
kV. 
6.2.3.2 SEM imaging 
After ion polishing, the samples were investigated using a Zeiss Supra 55 field emission 
SEM at RWTH Aachen University. This SEM is equipped with a SE2- and a SE-inlens de-
tector for morphological analysis, a BSE detector for imaging density phase contrasts, 
and an EDX detector (Oxford Instruments, X-Max80 SDD-Detector) for elemental 
analysis. This system can resolve features down to 5 nm (Houben, 2013). 
6.2.4 MIP 
For comparison with WMI results, MIP was performed at Micromeritics Analytical Ser-
vices Europe (Aachen, Germany), on each of the four samples. Mercury intrusion 
and extrusion analyses were done in the 360 - 0.003 micrometer pore throat range. 
Pore throat diameter distributions were calculated based on Washburn’s equation 
(Washburn, 1921) using a contact angle of 130˚ and a surface tension of 0.485 N/m. 
Mercury extrusion takes place at decreasing pressure steps. The differences in mer-
cury intrusion and extrusion volumes give the mercury volumes trapped inside the 
samples, due to high pore body to pore throat size ratios and variable contact an-
gles. The MIP data of the Boom Clay (silt-rich), Opalinus Clay (shaly facies) and Bossi-
er Shale samples are from previous research (respectively Hemes et al., 2013; 
Houben et al., 2013; Klaver et al., 2015a). Before the MIP experiments, the Opalinus 
Clay, Boom Clay and Haynesville Shale samples were dried at 80 °C for at least 96h. 
The Bossier Shale samples were pre-dried at room temperature in high vacuum (1 x 
10-3 - 1 x 10-4 Pa) for 30 hours. 
Chapter 6: The connectivity of pore space in mudstones: insights from high pressure Wood's Metal Injec-
tion, BIB-SEM imaging and Mercury Intrusion Porosimetry 
 
110 
 
6.3 Results 
6.3.1 WMI-BIB-SEM 
The overall microstructure and pore morphology of the BIB-milled sections does not 
vary significantly from the general microstructure observed in previous studies 
(Hemes et al., 2013; Houben et al., 2013; Klaver et al., 2015a, see also Table 6-1). 
Scratches from mechanical polishing are not visible on the sample surfaces; the 
thickness of the sample surface removed during BIB-milling is at least in the order of 
several micrometers (average particle diameter of the SiC paper is 10 m). The WM is 
visible by the light gray values in the BSE images, because of its higher density.  
6.3.1.1 Opalinus Clay 
In the Opalinus Clay sample investigated, WM is mostly found in the cracks (Figure 
6.2A), but major parts of the matrix were not filled (Figure 6.2A-C), with the exception 
of one layer impregnated with WM (Figure 6.2A). The filled cracks are sub-parallel to 
the bedding and tend to follow large carbonate grains interpreted as bivalve frag-
ments (Houben, 2013; Klinkenberg et al., 2009). Larger pores in some pyrite framboids 
and carbonate fossils which are close to or in contact with filled cracks are also filled 
with WM (Figure 6.2B), cf. Houben (2013). Most of the matrix pores, even the ones 
close to cracks, do not contain WM (Figure 6.2B). Also, some cracks show a discon-
tinuous WM fill (Figure 6.2C) which is an artifact of the WM and will be discussed in 
section 6.3.1.5. The smallest filled pore, imaged in this cross-section is about 10 nm in 
diameter (Figure 6.2D). 
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Figure 6.2. SEM images of WM in Opalinus Clay. (A) Overview of the OC showing the WM mainly inside 
the cracks and in one porous layer (pop-up). (B) WM filled fossils and partly filled matrix along 
the filled cracks. (C) Unfilled matrix along a discontinues crack fill. (D) The smallest WM-filled 
pore (tip) encountered in the sample at the highest magnification. 
6.3.1.2 Boom Clay 
Observations in the SEM show that the large pores in the Boom Clay sample are al-
most completely WM-filled (Figure 6.3A). In contrast, some of the pores in the clay-
rich matrix are not filled at all, or only partly filled (Figure 6.3B). In the same figure, 
elongated pores, interpreted as open cracks, are not filled with the WM Unfilled re-
gions tend to be elongated between impregnated regions in the clay matrix; con-
taining both, unfilled meso- and macropores (Figure 6.3B and C). High resolution SEM 
imaging has confirmed WM in pores down to 10 nm in diameter (Figure 6.3D). 
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Figure 6.3. SEM images of WM in Boom Clay. (A) Overview of the BC showing the WM throughout the 
whole ion polished section. (B) Partly WM-filled matrix inside the fine-grained, clay-rich regions, 
indicated in (A). (C) Filled pores in the clay and unfilled meso- and macropores. (D) The small-
est WM-filled pore width encountered in the sample at the highest magnification. 
6.3.1.3 Haynesville Shale 
In the Haynesville Shale sample, the majority of WM is found in cracks connected to 
the edges of the sample (Figure 6.4A). Cracks are common in this sample, at a low 
angle to the bedding and locally bending around larger carbonate grains. WM is 
found in the clay-rich matrix; less than 10 micrometers from the cracks, but the major-
ity of the matrix pores does not contain WM (Figure 6.4B). Some small (< micrometer) 
cracks are not filled with WM. Interparticle pores filled with WM can be seen in be-
tween an uncommon aggregate of randomly stacked clay sheets (Figure 6.4C). Also 
in this sample, pores down to 10 nm contain WM (Figure 6.4D). 
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Figure 6.4. SEM images of WM in Haynesville Shale. (A) Overview of the HS showing the WM mainly inside 
the cracks that cross-cut the whole ion polished section. (B) Partly WM filled matrix adjacent to 
a WM filled crack. (C) Filled inter-particle pores between clay sheets. (D) The smallest WM-filled 
pore width encountered in the sample at the highest magnification. 
6.3.1.4 Bossier Shale 
In the Bossier Shale sample about half of the area of the cross-section does not con-
tain WM at all, whereas the other half shows full impregnation with the alloy (Figure 
6.5A). The impregnated regions are up to 500 micrometers wide and sub-parallel to 
the bedding. Typically, the interparticle pores in clay or organic matter between 
carbonate grains, which are filled, are larger (up to 5 m) in the impregnated re-
gions, than the unfilled intraparticle pores (<1 m) (Figure 6.5B and C). EDX analysis 
indicates that the non-impregnated regions have relative low counts of typical clay 
elements (Al, Si and K), but relative high counts of Ca. Again, the smallest WM-filled 
pores in this sample are approximately 10 nm in width (Figure 6.5D). 
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Figure 6.5. SEM images of WM in Bossier Shale. (A) Overview of the BS showing the WM filled and unfilled 
regions. (B) The WM in the impregnated regions illustrates the connected pores between the 
carbonate grains. (C) Filled inter-particle pores vs. unfilled intra-particle pores. (D) The smallest 
WM-filled and unfilled pore width encountered in the sample at the highest magnification. 
6.3.1.5 Wood’s Metal 
The WM surrounding the samples and the WM in the pores showed no evidence of 
re-melting during ion milling. Other WM samples, from earlier investigations, polished 
using BIB milling without cooling, resulted in clear visible re-melt of the surrounding 
WM and mm-sized WM bubbles on the sample (Figure 6.6A, I and II). On three ion 
milled samples, locally, a few WM bubbles were observed along the sample edge 
not covered by the WM (Figure 6.6B-D), indicating re-melting of the WM. Along these 
sample edges the ion beam interacts with the low thermally conductive sample ma-
terial at an high angle (~84˚); resulting in local melting of the WM. Moreover, it turned 
out that the WM reacts with the gold coating on the sample surface (Figure 6.6E and 
F) since the uncoated samples do not show these dendrite structures on top of the 
WM. This is an ongoing process since after several months the effect of the reaction is 
more intense (Figure 6.6F, right side). Also, cavities and cracks (Figure 6.6G and H), 
exist in the WM, as well as phase segregation of the WM (Figure 6.6I). EDX analyses 
indicate that the WM segregates in at least five different phases: 1) Sn; 2) Cd; 3) Cd + 
Sn; 4) Bi + Pb; 5) Bi + Pb + Sn. In the Sn phase pores of micrometer size were found 
(Figure 6.6J - L); thus, pores or cavities imaged within the WM, were interpreted to be  
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Figure 6.6. SEM images of WM re-melt and artifacts. (A) Re-melt of WM because of ion-milling without 
using a Peltier module for cooling indicated by: (I) mm-size bubbles on a sample without sur-
rounding WM; or (II) smooth WM edges enclosing a sample. (B;C;D) Local WM bubbles at the 
edge of the polished sections not covered by the WM, indicating local re-melting of the WM. 
The intact WM at the sides of the sample in (D), indicates no re-melt of the enclosing WM. (E) 
Typical oxidation pattern on top of the WM-filled pores. (F) Intense oxidation of the WM on top 
of the polished section after five months (II) of exposure to air. (G and H) Cavities and undulat-
ing cracks in the WM. (I) Phase segregation of the WM (the darker phase is enriched in Sn and 
Cd). (J) BSE images illustrating the phase segregation of the WM and pores inside the Sn phase 
(K) EDX layered image showing the Cd, Pb/Bi and Sn phases. (L) SE2 image showing pores of 
about 1 m in the Sn phase. 
in the Sn phase of the WM (e.g., Figure 6.6G). Observed cracks and other cavities 
are interpreted to exist because of several reasons: 
1. Non-isothermal solidification (Yadav et al., 1987) and related phase segrega-
tion into its constitutive metals; initiating differential shrinkage during cooling. 
2. The subsequent pressure release initiating cracks along the constitutive metals 
that have different elastic moduli. 
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3. Over-pressured air (Hildenbrand and Urai, 2003) and residual water in the 
sample, potentially filling the cavities in the WM as impurities. However this ef-
fect will be minor as, because of their lower viscosity, the air and water would 
be displaced into the smaller pores, which are too narrow for the WM to enter. 
Besides, the volume of the compressed air will be small as air will be com-
pressed to 0.14 % of its original volume, by increasing the pressure from at-
mospheric conditions to 316 MPa at 90 ˚C.  
4. There exists the possibility of differential WM shrinkage and that poorly con-
nected WM casts are physically pulled out of the sample by the mechanical 
pre-polishing. However, this would only apply to the poorly connected large 
(> several micrometers) WM bodies, since the BIB milling removed the dam-
aged surfaces containing scratches and pull-out structures from the mechan-
ical polishing.  
6.3.2 MIP 
Unprocessed MIP data of the Opalinus Clay and the Haynesville Shale samples show 
that mercury intrusion starts at pressures equivalent to pore throats >>5,000 nm, cor-
responding to 3.2 % and 0.7 % porosity, respectively. Apart from the Boom Clay, 
pores of this size were never observed in the samples investigated (Hemes et al., 
2013; Houben et al., 2013; Klaver et al., 2015a) and these data were therefore inter-
preted as filling of cracks, which are clearly present in the samples (Figure 6.2 and 
Figure 6.4), or surface roughness, and were not included in the interpretation of 
pores. Therefore the MIP data were cut-off at 1 m, 30 m and 5 m for the Opalinus 
Clay, Boom Clay and Haynesville and Bossier Shale samples, respectively. Results of 
all MIP experiments are shown in Figure 6.7.  
The connected MIP porosity measured for Opalinus Clay is 13.0 % and after extrusion 
the sample shows a trapped porosity of 7.1 % (Figure 6.7A). The intrusion curve indi-
cates a gradual intrusion from the beginning down to about 50 nm. Most of the intru-
sion took place from 50 nm onwards. At 20 nm the intrusion rate is the highest (Figure 
6.7A). For the silt-rich Boom Clay sample, MIP shows a major intrusion above 1,000 
nm, corresponding to about 80 % of the total intrusion volume (Figure 6.7B). Another 
20 % is intruded in the sub-micron pore-size range, adding up to a total connected 
porosity of 32.2 %. A significant amount of mercury (29.7 %) remained trapped inside 
the sample, after the extrusion. The MIP curve of the Haynesville Shale sample indi-
cates mercury intrusion mainly in the range from 100 nm, down to 3 nm (Figure 6.7C). 
Most of the intrusion occurred below 15 nm, with highest intrusion rates at 6 nm 
(Figure 6.7C), cumulating in a total connected porosity of 2.9 %. Extrusion occurred 
only at pressures equivalent to pore throats above 300 nm, resulting in a trapped po-
rosity of 2.7 %. This is significantly smaller than the total MIP porosity (9.2 %, Klaver et 
al., 2015a) and is attributed to a combination of possible different drying conditions, 
MIP artifacts, cracks and sample heterogeneity. MIP results of the Bossier Shale sam-
ple show that most of the intrusion took place at high pressures, equivalent to pore 
throats smaller than 10 nm (Figure 6.7D). The strongest intrusion occurred at a pres-
sure equivalent to 4 nm pore throat diameter (Figure 6.7D). In total, the connected 
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porosity is 2.2 %. Extrusion happened only at pressures equivalent to pores larger than 
10 nm. The gap between intrusion and extrusion curve indicates that roughly half of 
the mercury is trapped inside the sample, equivalent to 1.2 % porosity. 
 
Figure 6.7. MIP intrusion and extrusion curves. The diagrams show the cumulative porosity versus pore 
(throat) diameter of the Opalinus Clay (A; after Houben et al. (2013); cut-off > 1 m), Boom 
Clay (B; after Hemes et al. (2013); cut-off > 30 m), Haynesville (C) and Bossier Shale (D) (cut-off 
> 5 m for both). The lower curve is the intrusion measurement and the upper curve is the ex-
trusion measurement for each MIP cycle. The solid vertical lines in the diagrams illustrate the 
pore throat diameters imaged in the SEM and the dashed vertical lines the theoretical minimal 
pore throat diameter achieved during the maximum injection pressure (= 4 nm). The visible BIB-
SEM porosities are also given for the samples and are obtained from other studies (see also Ta-
ble 6-1). 
6.4 Discussion 
6.4.1 Woods Metal Injection into fine-grained geomaterials 
It is known from Transmission Electron Microscopy sample preparation that during ion 
milling, samples can reach temperatures of 400 to 330 °C, respectively (Park et al., 
2007; Viguier and Mortensen, 2001). However, these ion milling operations were per-
formed on smaller samples (about 10 times thinner) and at a higher milling angle (2 - 
3 times higher). On the other hand, it is evident from Figure 6.6A that WM also melts 
during conventional BIB milling without using the Peltier module. Therefore, all WM-
injected samples were ion-milled using a rotating sample holder equipped with a 
Peltier cooling module, to keep the temperature of the samples below 70 °C, during 
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ion polishing. As the WM has a high thermal conductivity and it forms a continuous 
heat-conductive path between the cooled sample holder and the ion-milled sur-
face, we expect that this is sufficient to not melt the WM during ion milling. This is also 
demonstrated by the Boom Clay sample which shows virtually a full impregnation of 
the WM after the ion milling. Except along some edges of the ion-polished surface 
that were not protected by the WM, it could be that along these edges, the WM 
melted out of the pores during ion milling. All other regions of the ion-milled surfaces 
show no evidence of re-melting of WM during ion milling (Figure 6.2 to Figure 6.5). 
However, there remains the possibility that small thermally isolated WM pore fillings 
could melt due to poor thermal conduction. Overall, we conclude that in our sam-
ples, BIB polishing did not change the main structure of the injected alloy in the 
pores. 
In all four samples, the smallest WM-filled pores imaged by SEM are about 10 nm in 
diameter (Figure 6.2 to Figure 6.5). This shows that the non-wetting WM has been able 
to intrude small pores and moreover, that WMI is a powerful method to quantify 
connected porosity in 2D sections. On the other hand, using Washburn’s equation, a 
capillary pressure of 316 MPa, a surface tension of 0.420 N/m and a wetting angle of 
140°, pores down to 4 nm should be filled, in theory. Possible reasons for this discrep-
ancy between the imaged smallest WM-filled pores and the theoretically reached 
smallest WM filled pore diameters are: 
1. Deviations of published physical properties of molten WM; published surface 
tensions of WM vary from 0.40-0.49 and wetting angles vary between 130 - 
140° (Abell et al., 1999; Darot and Reuschle, 2003; Galaup et al., 2012; 
Hildenbrand and Urai, 2003; Lloyd et al., 2009; Nemati, 2000; Willis et al., 1998); 
resulting in possible pore throat entry diameters at 316 MPa, between 3.3 to 
4.7 nm, a relatively small variation (see whiskers in Figure 6.1B). It is unknown 
how much WM properties vary with respect to the pore space mineralogy. 
The WM has been observed in contact with quartz, organic matter, clay min-
erals and carbonate. 
2. WM in shale samples is bright in BSE images, compared to the clay matrix, and 
an accurate measurement of the sizes of small amounts of WM in pores at 
high magnifications (up to 350,000x) (Figure 6.2D to Figure 6.5D) is difficult. Fu-
ture work is aimed at resolving this more accurately.  
3. It is possible that the samples did contain smaller WM-filled pores but we did 
not find them in the imaged areas. 
4. It is possible that the WMI experiment was performed too fast and the pressure 
of the liquid WM was not in equilibrium everywhere and needed more time to 
penetrate the smallest pores. Yadav et al. (1987) mentioned 1.33 mPas which 
is comparable to the viscosity of mercury, but Darot and Reuschlé (1999), 
found a significant increase in viscosity at 85 °C. Accordingly, our WMI experi-
ments took longer (4 - 5 hours) than the MIP experiments (minutes to a few 
hours) estimated as sufficient to reach equilibrium. We note that if the viscosity 
would have been an issue, we would have seen a gradual decrease in the 
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degree of impregnation of WM from the sides of the samples to their centers, 
which is not the case (Figure 6.2 to Figure 6.5). Still, it is worth considering doing 
WMI and MIP experiments over a longer time span to ensure maximum satura-
tion in these low permeable rocks. 
5. Oxidation of the WM surface or some other reaction of the metal with the ma-
trix (Kuhn et al., 1962) could have hindered intrusion. We have not found any 
evidence of oxidized films (in the WM-filled pores) and they have also not 
been reported in other studies (e.g., Dullien, 1981; Lloyd et al., 2009; Nemati, 
2000; Nemati and Monteiro, 1997).  
6. The pores are closed off by effective stresses (will be discussed in section 6.4.3) 
7. The small pores are simply not connected with pore throats accessible to the 
molten metal. 
In summary, from the comparable wetting properties and viscosity we assume that 
WMI resembles MIP (Abell et al., 1999; Dullien, 1981) WMI in combination with BIB-SEM 
is a method to analyze at high resolution which parts of a sample have been intrud-
ed by the alloy. We conducted WMI experiments, similar to earlier work described in 
the literature, but at higher pressures and with a much better resolution of the metal-
filled nanopores. We also conclude that pore throats smaller than 10 nm in diameter 
were intruded by the metal. WMI provides new insights to the dimensions and geom-
etries of pore networks, which are connected by pore throats corresponding to the 
capillary pressure. Moreover, it shows that in each investigated sample, a significant 
volume of larger pore bodies is not connected via pore throats down to around 10 
nm (in diameter). In the analyzed Boom Clay sample, larger pores form a connected 
backbone, but a part of the pore space within the fine-grained clay matrix is not 
connected. In the Bossier Shale sample, the connectivity is very heterogeneous and 
only about half of the pores are connected.  
6.4.2 Comparison of WMI-BIB-SEM and MIP results 
Samples used for the WMI-BIB-SEM and the MIP experiments do not originate from 
exactly the same sample volumes; thus, a direct comparison of the two analyses is 
only possible if the samples are similar. The SEM images (Figure 6.2 to Figure 6.5) of our 
samples are indistinguishable from sample descriptions in section 2.1, observed in 
previous studies; illustrating the low variability of microstructures between the sam-
ples.  
Comparing results of the BIB-SEM observations on WM injected samples (Figure 6.2 to 
Figure 6.5) to MIP data (Figure 6.7), shows some disagreement for the Opalinus Clay 
and the Haynesville Shale samples, whereas for the silt-rich Boom Clay and the grain-
supported and less porous Bossier Shale samples there is a good agreement be-
tween the mercury intrusion curves and the WM filled pore space observed in SEM 
images. In Opalinus Clay, according to the MIP intrusion curve, at least two thirds of 
the porous network should be filled with WM (Figure 6.7A), corresponding to pores > 
10 nm in pore throat diameter. However, from SEM observations, WM is only visible in 
the cracks, crack adjacent fossils and in one exceptionally porous layer; whereas the 
majority of the clay matrix is not accessible to the WM. On the other hand, the po-
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rous layer and cracks account for ~ 90 % of the total resolved porosity in the Opalinus 
Clay sample investigated. In the Haynesville Shale sample, WM is almost only visible in 
the cracks, while MIP suggests that intrusion also took place above 10 nm pore throat 
diameter, but with a maximum intrusion at 6 nm pore throat diameter. For the silt-rich 
Boom Clay, the SEM image (Figure 6.3A) shows an almost entirely filled and thus in-
terpreted as entirely connected pore space, which is in good agreement with the 
MIP intrusion curve (Figure 6.7B). Only in some fine-grained, clay-rich regions, the 
pore space is not entirely filled with WM. In the grain-supported, coarse-grained and 
less porous Bossier Shale sample, WM clearly intruded the rock fabric in a (mm-scale) 
layered manner. This intrusion probably took place via pore throat diameters of ~ 4 
nm, in agreement with the maximum intrusion during MIP. The unfilled regions are 
most probably more cemented and unconnected above pore throat diameters of 4 
nm and thus isolated at the scale of observations. 
The higher visible BIB-SEM porosities, compared to MIP data (about four to ten times; 
Figure 6.7C and D), at comparable resolutions, indicate high pore body to pore 
throat ratios for the Haynesville and Bossier Shale samples. For the Opalinus Clay 
(Shaly facies) sample, the porosity measured by BIB-SEM fits the porosity measured by 
MIP at a corresponding resolution (Figure 6.7A), indicating an interconnected cylin-
drical pore space in Opalinus Clay; however with the connecting pore throat diame-
ters below the resolution of published SEM-studies on representative Opalinus Clay 
samples (Houben et al., 2013; Houben et al., 2014b; Keller et al., 2011a; Keller et al., 
2013b). For the Boom Clay sample, the porosity measured by BIB-SEM (Hemes et al., 
2013), is clearly below the porosity measured by MIP at a comparable resolution 
(Figure 6.7B); interpreted as a non-representativeness of the area investigated using 
BIB-SEM, or an overestimation of the porosity measured by MIP, due to filling of cracks 
and/or surface roughness effects. An additional process preventing the flow of 
Wood’s Metal into the connected pore space is the closure of pore throats by com-
paction of matrix porosity, caused by effective pressures generated by capillary re-
sistance. We will discuss this in more detail, below. 
6.4.3 Deformation of rock due to MIP and WMI 
It has been reported before that geomaterials can be compressed during MIP 
(Giesche, 2006; Penumadu and Dean, 2000; Yao and Liu, 2012), due to the capillary 
resistance allowing the metal to create an effective confining pressure around un-
filled regions of a sample. This process is enhanced by anisotropy, e.g., due to lami-
nation or cracks. Compaction of samples can be elastic and inelastic, and com-
posed of closure of microcracks, compression of the matrix and compression of the 
minerals. Deformation, in particular elastic deformation, might be highest in samples, 
which are highest in organic matter or clay. Considering the maximum intrusion pres-
sure of 414 MPa and bulk moduli of 6.7 GPa for organic matter (Zeszotarski et al., 
2004), 20.9 GPa for clay (Mavko et al., 2009) and 38 GPa for quartz (Carmichael, 
1989), the elastic strains are 4.1 % for organic matter, 1.3 % for clay and 0.7 % for 
quartz, respectively. Plastic deformation is attributed to pore collapse (Dewhurst et 
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al., 1998) or crack closure caused by effective pressures generated by capillary re-
sistance during MIP or WMI (Figure 6.3B). 
To quantify the amounts of elastic and plastic deformation one could run a blank 
MIP experiment with a coated sample or non-porous sample (Penumadu and Dean, 
2000; Sigal, 2009). Such an experiment measures the potential maximum deformation 
of the sample but not the deformation during mercury intrusion. In this study, MIP ex-
periments were carried out on epoxy-coated samples; however it turned out that the 
epoxy was permeable for the WM and therefore most likely also for the mercury (the-
se are not discussed in this paper).  
Our results suggest that MIP on fine-grained, anisotropic rocks, may contain large 
artifacts of sample deformation and crack filling, which cannot be corrected for us-
ing MIP data alone. A correct interpretation of pore-size distributions from MIP re-
quires confirmation e.g., by direct observations of the metal filled pore space, using 
WMI-BIB-SEM, as presented in this study.  
6.4.4 Model 
For fine-grained, clay-rich rocks that may contain cracks, we summarize the above 
discussion by proposing the occurrence of compacted clay-rich regions and unfilled 
porous regions between filled cracks and compressed grains, during MIP and WMI 
(Figure 6.8A-C). The conditions and processes associated with the interpreted inelas-
tic and elastic deformations are presented in Figure 6.8B and C, including aniso-
tropies of the material, like bedding or cracks, which control the preferred intrusion 
pathways, and may result in either accessing or cutting off of pore connections, due 
to potential compaction of the material at high pressures. It is clear, that in the 
Opalinus Clay and Haynesville Shale samples, the WM entered the rock matrix from 
cracks, which run sub-parallel to the bedding (Figure 6.2 to Figure 6.4). In the silt-rich 
Boom Clay, unfilled porous regions exist in the clay-matrix, between filled regions, as 
a result of inelastic deformation of the clay-matrix, leading to a cutting off of pore 
pathways at high pressures (Figure 6.3). In the Bossier Shale sample, the WM follows 
the anisotropies of the bedding, but in this case, the porous network controls the 
pathways (Figure 6.5).  
In a highly porous and permeable rock, saturated with a fluid at high pressure, the 
effective stress is zero, as the fluid pressure is equal to the confining pressure 
(Terzaghi, 1923). During a WMI or MIP experiment this situation may be approximated 
if the fluid can enter a backbone of the pore space at low pressure and fill smaller 
pores with increasing pressure. However, if larger volumes of a sample can only be 
accessed at high pressure, these volumes may be compacted to an unknown ex-
tent; this compaction cannot be detected from the MIP data alone. A similar pro-
cess takes place as a result of preferential intrusion, due to anisotropies and cracks 
(Figure 6.8B-I), which may cause inelastic deformation of the clay matrix, e.g., bend-
ing or sliding of particles and closing of even smaller pore throats (Figure 6.8B-I, C). At 
increasing pressures, the serrated pore boundaries start to fill with the liquid metal 
(Figure 6.8B-II) but pores with throats smaller than 3 nm will not be filled at all (Figure 
Chapter 6: The connectivity of pore space in mudstones: insights from high pressure Wood's Metal Injec-
tion, BIB-SEM imaging and Mercury Intrusion Porosimetry 
 
122 
 
6.8B-I, III). This process will be particularly important in soft, clay-rich regions, as ob-
served in the Boom Clay sample (Figure 6.8C-IV). 
 
Figure 6.8. WMI-MIP intrusion model. (A) Simplified model of a heterogeneous clay-rich shale with inter-
particle pores in the clay-rich matrix (grey), organic matter (brown), quartz (blue) and car-
bonate grains and fossils (green) with intra-particle pores and heavy minerals (red). Cracks are 
also indicated and are sub-parallel to the bedding. (B) Intrusion model of liquid mercury or 
Wood’s Metal, indicating the preferred injection through the cracks during the experiment. De-
tails of processes during the intrusion are shown in the pop-ups (I, II, III), for more information the 
reader is referred to the text. (C) Intrusion model of liquid mercury or Wood’s Metal at the end 
of the injection experiment. The processes that might have taken place in the sample during 
the injection are indicated. The pop-up (IV) shows an example SEM- image of likely pore and 
crack closure in Boom Clay, due to the injection process. 
6.5 Conclusions 
Based on BIB-SEM observations on four WM-injected samples as well as MIP analyses 
on corresponding samples, we conclude the following: 
1. WMI is comparable to MIP as molten WM has comparable physical properties 
to mercury; and WMI in combination with BIB-SEM is a powerful tool to analyze 
at high resolution which parts of a sample are intruded by the liquid metal or 
alloy at mm to cm scale.  
2. High pressure WMI in combination with high resolution BIB-SEM provides new 
insights to the dimensions and geometries of pore networks in fine-grained 
rocks. It shows that in most of the samples, significant volumes of larger pores 
are not connected via pore throats down to about 10 nm in diameter. It ap-
pears that in particular for the Opalinus Clay sample, the pore throats are ac-
tually smaller than measured by MIP, resulting in a higher capillary resistance 
and thus a higher sealing capacity. 
3. MIP data of fine-grained rocks can contain significant artifacts, which cannot 
be corrected for by using the MIP data alone. Pore-size distributions derived 
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from MIP require confirmation by direct observations of the metal filled pore 
space, e.g., using the described WMI-BIB-SEM method. Also, it shows what part 
of the pore space in the sample forms the interconnecting pore network. 
4. Pore throats may be cut-off during MIP or WMI, due to deformation and com-
paction of the clay-matrix. Pore-size distributions measured by MIP may there-
fore also reflect deformation of the rock and not only the in-situ pore size dis-
tributions. Moreover, from this study follows that cracks play a major role dur-
ing the intrusion of molten WM (or mercury) into the rock, indicating that signif-
icant care should be taken during sample preparation.  
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Chapter 7: 2D and 3D multi-
scale characterization of pore 
space and microstructure of an 
overmature organic-rich shale 
sample from the Haynesville Shale 
Abstract 
Understanding the pore space morphology and microstructure at various scales 
and in 3D is needed for up-scaling pore systems and requires a range of imaging 
methods and techniques. This study presents microstructural characterization of 
porosity, mineralogy and organic matter in 2 and 3 dimensions on an organic-
rich Haynesville Shale sample, varying in size from several centimeters down to 10 
micrometers. Investigations were carried out at different resolutions using optical 
microscopy, Broad/Focused Ion Beam (BIB/FIB) milling, Scanning Electron Mi-
croscopy (SEM), Micro Computer Tomography (MicroCT) and Wood’s Metal In-
jection (WMI). It is found that this organic-rich Haynesville Shale sample consists of 
a heterogeneous mineralogy and fabric uniformly distributed on the centimeter 
scale except for one millimeter scale carbonate-rich layer. Moreover, BIB-SEM is 
a necessary tool to select the ROIs for FIB-SEM tomographies and enables to un-
derstand the FIB-SEM findings at a larger scale. However, the FIB-SEM blocks in 
this study do not represent the BIB-SEM mosaics because of different amounts of 
mineral and organic matter contents. Organic matter contains the largest pore 
networks and the organic matter is connected throughout the sample, which 
implies that the organic matter is the most probable controlling component for 
gas transport. 
7.1 Introduction 
Characterization of pores and their connections at various scales and dimensions is 
essential for understanding the storage capacity and transport properties in hetero-
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geneous fine-grained rocks like shales or mudstones. High resolution Scanning Elec-
tron Microscopy (SEM) in combination with ion polishing is a relative new method to 
assess the nanometer scale pore space in these heterogeneous fine-grained rocks 
and huge efforts have been made in the past years using either a Focused Ion Beam 
(FIB; e.g., Curtis et al., 2010; Houben et al., 2014b; Janssen et al., 2011; Keller et al., 
2011a; Sisk et al., 2010) or a Broad Ion Beam (BIB; e.g., Desbois et al., 2009; Hemes et 
al., 2013; Houben et al., 2013; Klaver et al., 2012; Loucks et al., 2012; Loucks et al., 
2009; Schieber, 2010) for sample preparation. FIB-SEM enables a 3D reconstruction of 
the pore space by destructive serial sectioning of a relatively small volume and BIB-
SEM allows investigation of the pore space on relatively large cross-sections in 2D. 
Moreover, BIB-SEM is needed to select the region of interest for the FIB-SEM (Desbois 
et al., 2013; Houben et al., 2014b). Criteria for the FIB-SEM selection for pore investiga-
tions need to be based on the question: what might be the relevant constituents 
that control the storage and connectivity and how representative are these relevant 
constituents? The latter can be assessed by using Micro Computed Tomography 
(MicroCT) which displays the distribution of minerals and organic matter in 3D at the 
millimeter scale (Houben et al., 2014b). A recent developed complementary tech-
nique, known as WMI-BIB-SEM (Klaver et al., 2015b), should give insight into the con-
necting pore network at the centimeter scale. In this chapter we present an over-
view of various imaging techniques and methods on one single Haynesville Shale 
sample. In this contribution we aim to link the 2D BIB-SEM with the 3D FIB-SEM obser-
vations by comparing the pore size distributions and pore morphologies and orienta-
tions. The pore connectivity will be addressed qualitatively from the FIB-SEM investi-
gations and preliminary Wood’s Metal Injection (WMI) experiments. Moreover, 
MicroCT data, (WMI-) BIB/FIB-SEM and optical microscopy will provide insight in the 
mineral variability of the sample and preferred transport pathways  
7.2 Methods and sample material 
7.2.1 Sample 
An silty argillaceous mudstone of high maturity was selected for this study as this 
sample is rich in organic matter and has a high organic-matter porosity (Klaver et al., 
2015a). This study reported a maturity of VRr of 2.47, MIP porosity of 9.2 % and a visual 
BIB-SEM porosity of 1.7 - 2.4 % for this sample (SBI 9-4), see Table 7-1 for more 
petrophysical properties. From the same work follows that this sample has a mixed 
pore network with about one fifth of the pores in the organic matter. The porous or-
ganic matter types have an average porosity of 10 %. 
Table 7-1 Sample properties of sample SBI-9-4 from the Haynesville Shale. 
Lithology 
Depth 
[m] 
Q+F 
[%] 
Carbonates 
[%] 
Clays 
[%] 
TOC 
[%] 
VRr 
[%] 
MIP [%]  
BIB-SEM 
[%]  
         
Silty Argil. 
Mudstone 
3769 42 25 33 
5.6 – 
4.9 * 
2.47 9.2 1.7 - 2.4* 
*(Klaver et al., 2015a) 
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From this sample, two sub-samples (one for BIB/FIB-SEM and one for MicroCT investi-
gations) were cut dry and carefully using a low-speed micro-diamond saw. The sub-
samples were pre-polished using silicon-carbide paper (down to P2400) under dry 
conditions. A loose fragment was used for the WMI. Samples were stored in an 
exsiccator under vacuum with silica gel to prevent hydration. The sample that was 
used for the vitrinite reflectance measurements (Klaver et al., 2015a) was imaged 
optically with the Petroscan and, after surface ion polishing, with the SEM.  
7.2.2 Petroscan 
The vitrinite reflectance sample was imaged with the Petroscan to get insight in the 
heterogeneity of the shale at the centimeter scale. The Petroscan is an automated 
optical microscope developed at RWTH Aachen University. It scans a complete (ul-
tra) thin section with normal light or crossed polarizers at various illumination angles 
(at 10° steps). The scanned imaged are compiled into a series of mosaics (for each 
illumination angle) which can be studied virtually on a workstation. The shale sample 
was scanned using normal reflected light as the sample was too thick for transmitted 
light.  
7.2.3 BIB-SEM 
Three ‘half-Gaussian shaped’ cross-sections with sizes of about 0.5 mm2 were ion pol-
ished using the JEOL cross-section polisher (at 6 kV, 180 A for 7:45 hours) orthogonal 
to each other (Figure 7.1A; Side A and C perpendicular to the bedding and Side B 
parallel to the bedding). This sample configurations allows to study the anisotropy of 
the sample. Each cross-sections was imaged with the SEM before the next BIB cross-
section took place because redeposition of material would have contaminated the 
earlier prepared BIB cross-section. Three other BIB cross-sections were polished from 
the MicroCT sample in a serial fashion (Desbois et al., 2012) with steps of approxi-
mately 100 m using the JEOL cross-section polisher (at 6 kV, 180 A for 7:45 hours). A 
large sample fraction of the vitrinite reflectance sample was surface polished at low 
angle using the SC-1000 (Technoorg-Linda Ltd. Co., Budapest, Hungary). Three polish-
ing steps were carried out at various voltages and polishing angles (Table 7-2). This 
resulted in a polished surface of about 1 cm2 suitable for mineral investigation at a 
larger scale using SEM.  
Table 7-2. Ion polishing steps for the low angle ion polishing. During all steps the continuous in-plane 
sample rotation was activated. 
Step 
Energy ion 
source 
Anode volt-
age 
Focus volt-
age 
Milling angle 
(sample tilt) 
Ion beam treatment 
(min) 
      
1 high (FHEG) 10 kV 5 kV 6° 90 
2 low (FLEG) 1.0 kV 0.7 kV 9° 15 
3 low (FLEG) 0.4 kV 0.28 kV 9° 15 
      
SEM imaging was carried out using a Zeiss Supra 55 SEM equipped with: an SE2 and 
Inlens secondary electron (SE) detector for imaging the microstructure; a backscat-
tered electron (BSE) detector for imaging density intensity difference of different con-
stituents; and an EDX detector (Apollo 10 SDD, EDAX®, Mahwah, NJ) for semi-
quantitative element analyses. The mineralogy is interpreted by combining the ele-
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mental composition with the different density intensities of the different constituents. 
From each ion milled cross-section hundreds of images were scanned using the SE2 
detector at 20,000 times magnification (pixel size = 15 nm), that form a mosaic of at 
least 200 x 200 m2 in size, for the porosity analyses. This area was found to be the 
representative elementary area (REA) at the scale of the BIB cross-section in terms of 
mineralogy (Klaver et al., 2015a). BSE mosaics were also made at various magnifica-
tions between 500 to 5,000 times (pixel size ≈ 625 – 60 nm) which were used for the 
mineral interpretation. All the BIB-SEM mosaics were analyzed in ArcGIS 10. Pores 
were segmented from the SE2 mosaics using a MATLAB® algorithm (Kempin, 2012), 
specially designed for BIB-SEM images, and were checked and corrected manually 
afterwards in ArcGIS. Pores interpreted as cracks were excluded from the porosity 
analyses. Only pores above the practical pore resolution (PPR > 19 pixels) were used 
for the pore orientations and PSDs. 
7.2.4 FIB-SEM 
The FIB-SEM tomographies were carried out at the Mikrosystem- & Nanotechnik de-
partment of the Naturwissenschaftliches und Medizinisches Institut (NMI) in Tübingen, 
Germany. FIB-SEM stacks were acquired from three selected region of interests (ROI), 
located on Side A from the sample investigated with BIB-SEM (Figure 7.1A). These ROI 
were selected based on the following criteria; containment of porous organic matter 
and a heterogeneous mineralogy (Figure 7.1B). Using the FIB around 1000 slices were 
cut with a step size of 15 nm or 10 nm (at 30 kV and 2 nA). At first, a large wedge 
(approximately 50 × 35 × 40 m, w × d × h) was excavated using the FIB to facilitate 
the imaging and preventing shadows. Slices were scanned at 1.8 kV with a Zeiss 
AURIGA SEM using a SE2 (collector Bias 300V) and BSE detector (grid at -1500V). Im-
ages were taken at a scan resolution of 2048 × 1536 with a magnification of 20,000 
times for Block I and III and magnification of 30,000 times for Block I (respectively cor-
responding to a pixel size of about 15 and 10 nm). The BSE and SE2 image stacks 
were first de-striped, to remove the curtaining, using the wavelet-Fourier filter script 
from Münch et al. (2009). After, images were realigned and cropped in Avizo Fire (V 
7.1) resulting in three FIB-SEM blocks with various sizes and mineralogy (Table 7-3 and 
Figure 7.1C). Pores were segmented slice by slice using the thresholding function and 
were manually corrected afterwards using the lasso tool in Avizo. The segmentations 
were smoothed by a 3D closing and opening morphological operation with one 
voxel.  
Table 7-3. Voxel size and dimensions of the three FIB-SEM image stacks. 
ROI Voxel size [nm] Width [m] Height [m] Depth [m] # Slices # Slice segmented 
       
I 14.85 × 14.85 × 15 27.0 21.2 12.1 808 601 
II 9.278 × 9.278 × 10 17.6 12.5 7.0 700 601 
III 14.85 × 14.85 × 15 27,8 18,8 14.3 956 201 
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Figure 7.1. BIB-SEM and FIB-SEM study areas. (A) Sample corner showing the three orthogonal BIB-SEM 
cross-sections where section B is parallel to the bedding. The segmented porosity is indicated 
by the different colors within the BIB-SEM mosaics (dimensions are in micrometers). (B) ROI loca-
tions of the three FIB-SEM tomographies in BIB-SEM BSE mosaic A. (C) External BSE images of the 
three re-aligned and cropped FIB-SEM blocks (see the dimensions in Table 7-3) showing the dif-
ferent mineralogy. 
7.2.5 MicroCT 
MicroCT data was acquired by TOmographic Microscopy and Coherent rAdiology 
experiments (TOMCAT) in the synchrotron from the Swiss Light Source (SLS) at the Paul 
Scherrer Institutute, Villigen, Switzerland (Stampanoni et al., 2006). The sub-cylindrical 
sample had a diameter of about 1.2 mm and a height of 2 mm. Using a beam ener-
gy of 21.7 keV and exposure time of 200 ms a voxel resolution of 650 nm was resolved 
at 3201 projections (180° rotation) using a LUAG 20 µm scintillator. Post-processing 
was needed in MATLAB to create a 3D reconstruction of the rotated and stacked 2D 
projections achieved during the MicroCT scanning (Klapp et al., 2012). This resulted in 
a 3D volume of 1933 x 1703 x 2000 voxels with gray value intensities between 0 and 
255. These intensities are directly related to the atomic density of the material which 
is used for the organic matter segmentation. The organic matter was segmented 
from the MicroCT data as it contains the highest porosity (Klaver et al., 2015a). The 
volume of the organic matter, Vo, is based on the TOC (5.6 %), matrix density (m = 
2.64 g/cm3), porosity ( = 9.2 %) and organic matter density (o = 1.0 g/cm3) and fol-
lows from the next equation (Nederlof, 2014): 
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which results in an organic matter volume of 12.3 %. This volume was segmented 
from the equalized histogram, by assigning 12.3 % of the lowest gray value intensities 
as organic matter. This is a conservative approach as the visible part of the porosity, 
also low gray value intensities (i.e., dark), will be classified as organic matter too, 
hence under segmenting the organic matter. 
7.2.6 WMI 
One WMI experiment was carried out according to Klaver et al. (2015b). The sample 
for the WMI was dried in the oven at 80˚ C for 24 hours prior to the WMI experiment. 
The sample was immersed in the molten WM in a pressure cell at around 80˚ C and 
the upper piston was put in place (Figure 6.1A). Then the pressure was increased up 
to 50 MPa, equivalent to a pore access diameter of 25 nm using the Washburn equa-
tion (Washburn, 1921; Equation 2.1) with a surface tension of 0.445 N/m and a wet-
ting angle of 135˚, when the WM started to leak and the experiment stopped. Never-
theless, the sample was cut out after the WM sample cooled down and ion polished 
with the SC-1000 (Technoorg Linda Ltd. Co., Budapest, Hungary; Figure 3.2C) at cool 
conditions using the settings from Table 7-2 and imaged with the Zeiss Supra 55 SEM. 
7.3 Results 
7.3.1 Sample variability 
The centimeter scale sample needed for the vitrinite reflectance measurements 
shows a homogenous macrostructure, except for a 2 mm thick carbonate-rich layer 
parallel to the bedding (middle part Figure 7.2A). The sections above and below the 
carbonate-rich layer show the typical mineralogy and fabric, silt-sized grains of main-
ly quartz and carbonate between a clay-rich matrix, organic matter and pyrite 
(Figure 7.2B), as shown in a previous study (Klaver et al., 2015a). The porous organic 
matter, interpreted as solid bitumen (Type A; Klaver et al., 2015a), contains pores of 
several micrometers to smaller in size (high magnification BSE image Figure 7.2B).  
The BIB-SEM mosaics (Figure 7.1A and B) show comparable mineralogy and fabric as 
the large scale sections (Figure 7.2B). In contrast, the FIB-SEM blocks do show some 
variability. Block I displays the highest amount of organic matter and Block II the low-
est while this block shows the most carbonate grains (Figure 7.1C). Thus, the ROIs for 
the FIB-SEM tomographies illustrate the detailed local variability of the mineralogy 
and microstructure at a smaller scale. 
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Figure 7.2. Macroscale sample variability. (A) Optical Petroscan mosaic of more than 1300 images illus-
trating one carbonate-rich layer in the central part of the section and a fracture below. (B) 
SEM BSE scan of an ion-polished section of (A) showing microcracks and the typical mineralo-
gy and fabric above and below the carbonate-rich layer. Pores are visible in the organic mat-
ter. 
7.3.2 Pore orientations and morpholgies 
The overall pore orientations in the BIB-SEM sample show a clear dominant orienta-
tion which is sub-parallel to the bedding (Figure 7.3). Consequently, the pores seg-
mented from the parallel BIB-SEM section, Side B, show a random distribution of pore 
orientations.  
 
Figure 7.3. Pore orientations (>PPR) in the BIB-SEM mosaics 
The large pore networks in the FIB-SEM blocks show in general a high pore body to 
pore throat ratio and the largest Euclidian distance these networks cover is less than 
8 micrometer. The largest pore bodies in the three FIB-SEM blocks show two types of 
pore morphologies: 1) relatively large blob-spherical pores in organic matter con-
nected by narrow pore throats (Figure 7.4A; D-F); 2) complex pore network with rela-
tively small pore bodies within aggregates of carbonate grains (Figure 7.4B-C). The 
largest pore bodies in the FIB-SEM Blocks also show a preferred orientation sub-
parallel to the bedding (see also section 7.3.4). 
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Figure 7.4. Largest pores in segmented in the FIB-SEM blocks. (A) Large spherical pores connected by 
narrow pore throats in organic matter. (B-C) Complex pore network within aggregate of car-
bonate grains. (D-F) Large spherical pores connected by narrow pore throats in organic mat-
ter. Each pore network is represented by one color. 
7.3.3 Porosity analyses 
Almost 1.5 million pores were detected in the BIB-SEM mosaics and the FIB-SEM slices 
(Table 7-1). The average visible porosity from the BIB-SEM mosaics is 2.07 % and varies 
from 1.81 % in Side C to 2.23 % in the bedding-parallel section (Side B). The visible po-
rosity in the FIB-SEM blocks show a higher variation: from 4.85 % in Block II to 1.52 % in 
Block III. The maximum equivalent pore diameters are higher in the BIB-SEM mosaics 
(2.8 – 2.2 m) than in the FIB-SEM blocks (2.2 – 1.5 m). Though, when the equivalent 
pore diameter is calculated from the 3D pore body volume the maximum pore di-
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ameter is larger in Block I, and is 3.1 m. This deviation is attributed to a complex pore 
shape.  
Table 7-4. Number of pores, porosity and maximum pore diameter segmented. 
 # pores* # pores > PPR Porosity [%] Max eq. pore diameter [m] 
     
Side A ┴ 124703 60790 2.18 2.8 
Side B // 47134 35356 2.23 2.2 
Side C ┴ 58552 40792 1.81 2.6 
Block I 574593 (91006) 194362 4.03 2.2 (3.1) 
Block II 518084 (53621) 261871 4.85 1.7 (1.7) 
Block III 149202 (27672) 45089 1.52 1.5 (1.4) 
* Excluding cracks; the number of pores and eq. diameter in 3D are given the between brackets 
 
The PSDs are normalized (Figure 7.5) according to Klaver et al. (2015a). The FIB-SEM 
images are interpreted as one single 2D mosaic, so all the pores in each slice are put 
together. Figure 7.5 shows that the parallel section (Side B//) has a lower power law 
exponent than the other two perpendicular sections (Side A ┴ and Side C ┴) which 
are close to a power law exponent of 2.39 found by Klaver et al. (2015a) for this 
sample. The FIB-SEM blocks have a lower power law exponent compared to the BIB-
SEM mosaics. Block I has the lowest power law exponent (1.74) and Block I and II are 
close to each other.  
 
Figure 7.5. PSD and normalized PSD for each BIB-SEM mosaic and FIB-SEM block. The upper three plots 
show results from BIB-SEM mosaics and the three lower plots show results from the FIB-SEM 
blocks. In each plot the best fit is shown as a solid line with the D and Log C values, the 95 % 
confidence levels are also shown as black dashed lines. Data points represent normalized fre-
quencies of pores larger than 19 pixels. 
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7.3.4 Connected pore pathways 
Figure 7.6, Figure 7.7 and Figure 7.8 show the largest eight to ten pores segmented in 
the FIB-SEM blocks, of respectively Block I, II and III. Only the largest pores are shown 
because they indicate the largest connected pore networks which are relevant for 
permeability models. Besides, showing all the pores would over saturate the figures 
making it impossible to see the relevant pores. Overall, the largest pores show a main 
orientation sub-parallel to the bedding. This trend seems most strong in the organic-
matter pores. Moreover, most of the largest pores are in organic matter and these 
organic matter pores cover the longest distance of up to almost 9 micrometer (red 
pore Figure 7.6). However, these FIB-SEM blocks also illustrate that none of the pores 
passes entirely through one of the FIB-SEM blocks at the resolution used.  
 
 
Figure 7.6. FIB-SEM tomography Block I showing the eight largest pores. 
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Figure 7.7. FIB-SEM tomography Block II showing the eight largest pores. 
 
 
 
Figure 7.8. FIB-SEM tomography Block III showing the ten largest pores. 
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7.3.5 MicroCT 
From the FIB-SEM investigations and the work of Klaver (2015a) follows that the organ-
ic-matter pores show the largest pore networks and that the organic matter phase 
contains the highest porosities. Therefore the distribution of the organic matter was 
segmented from the MicroCT data. The MicroCT data (Figure 7.9A) shows the typical 
microstructure of the shale sample similar to the mineralogy and fabric of Figure 7.2. 
The organic matter is distributed throughout the whole MicroCT sample volume 
(Figure 7.9B). From the segmentation follows that the major part of the organic mat-
ter is connected to each other and forms one large organic-matter network (red 
segmentation Figure 7.9C). 
 
Figure 7.9. 3D MicroCT image and OM segmentation. (A) Orthogonal slices through the MicroCT sample 
showing the mineral fabric. The bright gray is pyrite, the light gray are the carbonate grains, the 
darker gray is the clay-rich matrix and quartz grains and the darkest gray is the organic matter. 
(B) Segmented part of the MicroCT sample showing the organic matter in brown. (C) A ran-
dom slice through the MicroCT sample showing the connected organic matter volume in red 
and the isolated organic matter in purple (within the purple lines). 
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7.3.6 Preliminary results WMI  
Despite that the WMI experiment stopped at relative low entry pressure, BIB-SEM in-
vestigation shows that the WM did impregnated the sample to some extent (Figure 
7.10). It shows that the WM mainly intruded the sample by the cracks running from 
the edge of the sample to the interior sub-parallel to the bedding (Figure 7.10A). By 
far the major part of the sample remains isolated from the WM except for a 
framboidal pyrite close to the edge (Figure 7.10B) or porous regions closely related to 
the cracks (Figure 7.10C). On the other hand, there are WM-filled interparticle pores 
in the matrix and mineral-organic matter interface more distant from cracks (Figure 
7.10D).  
 
Figure 7.10. SEM images of WM in Haynesville Shale. (A) Overview image showing the WM at the edge 
of the sample and in the cracks. (B) WM inside a framboidal pyrite and a crack close to the 
edge of the sample. (C) Filled interparticle pores in the matrix along the crack indicated in (A). 
(D) WM-filled interparticle pores in the clay-rich matrix and along the mineral-organic matter 
interface. 
7.4 Discussion and conclusions 
The various imaging methods illustrate that, apart from a 2 mm thick carbonate-rich 
layer (middle part Figure 7.2A), the cm-scale sample consists uniformly of a hetero-
geneous microstructure mainly made of silt-sized carbonate and quartz grains, a fin-
er grained clay-rich matrix, uniformly distributed organic matter and (framboidal) 
pyrite grains. Moreover it shows that the ROIs for the BIB-SEM and FIB-SEM investiga-
Chapter 7: 2D and 3D multi-scale characterization of pore space and microstructure of an overmature 
organic-rich shale sample from the Haynesville Shale 
138 
 
tions comprises the typical constituents of the Haynesville shale comparable to 
Klaver et al. (2015a). However, the differences in the normalized PSDs (Figure 7.5) be-
tween the perpendicular BIB-SEM mosaics and FIB-SEM blocks illustrate that the FIB-
SEM investigations depicted relatively more large pores than small pores (i.e., lower D 
value). This is mainly caused by the fact that organic-rich ROIs were chosen for the 
FIB-SEM tomographies. It is known from Klaver et al. (2015a) that the normalized PSDs 
of organic-matter pores have a relative low power law exponent (Figure 5.8F,G and 
H). Hence, the FIB-SEM investigations do not represent the 2D BIB-SEM investigations 
because the relative amounts of mineralogy and organic matter are not the same. 
However, it can be representative of a certain phase or organic matter type. This 
also explains the lowest power law exponent of Block I as this volume contained the 
most amount organic matter. As this type of organic matter is a mixture with very fi-
ne-grained minerals and it contains a relatively high organic porosity it is interpreted 
as solid bitumen (Fishman et al., 2012; Klaver et al., 2015a). A relative low power law 
exponent in the organic matter of type A (interpreted as solid bitumen) was also 
found by Klaver et al. (2015a), they found 1.84 in the same sample (Figure 5.8F). The 
relative low power law exponent (i.e., relatively more pore space in large pores than 
small pores; Figure 3.14) in this solid bitumen suggests that during post to over mature 
maturation, small round pores grow and coalescence into larger complex pores 
creating a pore network. A result of this process is shown in Figure 7.4 where the pore 
bodies in the organic matter consist mainly of round pores that touch each other 
with narrow pore throats forming large complex pores. Still, these largest pores do not 
even span a distance of more than 8 m. Although, this can be attributed to the res-
olution used with FIB-SEM in this study (15 – 10 nm): it is known from other research 
that the pore(s) (throats) can be as small as 2 nm in the Haynesville Shale (Curtis et 
al., 2010, 2011a). Nevertheless, the relatively high connectivity and porosity of this 
type of organic matter makes it the most likely candidate for the narrowest control-
ling transport conduits in this type of organic-rich shales. Moreover, the MicroCT data 
(Figure 7.9), which is most likely much larger than the representative elementary vol-
ume (Keller et al., 2013a), shows that the major part of the organic matter forms one 
continuous network which can act as major conduits after hydrocarbon generation 
because of fracturing or pore space generation (Berg and Gangi, 1999; Kobchenko 
et al., 2011; Panahi et al., 2014; Tiwari et al., 2013). In addition the preliminary WMI 
experiment shows that the WM intrudes the sample by mainly passing through the 
cracks sub-parallel to the bedding, which could follow organic matter. However, it is 
more likely that the cracks in the WM sample are due to the sample preparation in-
stead of hydrocarbon generation as these cracks were not observed in the MicroCT 
data. The preferred pore orientations from BIB-SEM and FIB-SEM show a vertical trans-
versely isotropic media indicating a high permeability and velocity anisotropy. This 
knowledge is relevant for rock-physics and pore modeling (Jiang and Spikes, 2013; 
Ma et al., 2014; Vernik and Milovac, 2011; Wu et al., 2006; Zhao et al., 2014).  
In summary, this study presents microstructural characterization of porosity, mineralo-
gy and organic matter in 2 and 3 dimensions on an organic-rich Haynesville Shale 
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sample varying from several centimeters down to 10 micrometers in size using a vari-
ety of techniques and methods. Form this work we conclude that: 
1. This organic-rich Haynesville Shale sample consists of a heterogeneous miner-
alogy and fabric uniformly distributed at the centimeter scale except for one 
millimeter scale carbonate-rich layer.  
2. BIB-SEM is a necessary tool to select the ROIs for FIB-SEM tomographies and 
enables to understand the FIB-SEM findings at a larger scale. The FIB-SEM 
blocks in this study do not represent the BIB-SEM mosaics because of different 
amounts of mineral and organic matter contents. 
3. Organic matter shows the largest pore networks and is connected throughout 
the sample and is therefore the most probable controlling component for gas 
transport.  
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Chapter 8: BIB-SEM pore charac-
terization of mature and post ma-
ture Posidonia Shale samples from 
the Hils area, Germany 
Abstract 
Organic-matter porosity is an important component in mature organic-rich shales 
because of their storage capacity. This study presents 2D microstructural characteri-
zation of porosity and in particular organic-matter porosity of two organic-rich 
Posidonia Shale samples with different maturity using Broad Ion Beam milling and 
Scanning Electron Microscopy (BIB-SEM). The organic-matter porosity is investigated 
in a mature and a postmature sample. Results show that both samples show a similar 
trend in pore size distributions, though the pores in the mature sample are less fre-
quent, resulting in a lower visible porosity of 0.82 % compared to 2.47 % in the 
postmature sample. This difference is interpreted to be a combination of enhanced 
cementation and compaction in the mature sample and to a smaller extent be-
cause of the secondary organic-matter porosity generation in the gas window for 
the postmature sample. The organic-matter pores as found in the postmature sam-
ples are mostly absent in the mature sample. The latter shows only crack-type porosi-
ty at the organic-matter – mineral interface and these are interpreted either to be 
due to shrinkage because of devolatization or hydraulic fracturing because of hy-
drocarbon generation. The transition from the crack-type porosity along organic-
matter into intra-organic-matter pores is because of thermal maturation. The total 
BIB-SEM visible porosity is compared with bulk Mercury Intrusion Porosimetry (MIP) po-
rosity to assess the pore connectivity and evaluated using Wood’s Metal Injection 
(WMI). Pore orientations suggest, and WMI demonstrates, that the preferred transport 
pathways are sub-parallel to bedding. Comparison between MIP porosity and BIB-
SEM inferred porosity indicate that most of the pores are connected with pore 
throats below 10 nm. Overall, crack-porosity is minor, so is the impact of cracks on 
transport minor in these investigated samples. 
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8.1 Introduction 
It is generally accepted that organic-matter porosity in organic-rich shales is created 
by the conversion of organic matter into kerogen and hydrocarbons during matura-
tion (e.g. Jarvie et al., 2007; Loucks et al., 2009). To directly investigate these relatively 
small pores, typically below a micrometer in size, advanced imaging methods were 
developed. Combination of Focused Ion Beam (FIB; Tomutsa and Radmilovic, 2003) 
or Broad Ion Beam (BIB; Desbois et al., 2009; Loucks et al., 2009) milling with Scanning 
Electron Microscopy (SEM) imaging allows direct investigation of the in-situ micro-
structure in heterogeneous fine-grained rocks at nano-scale resolution (Houben et 
al., 2013). The combined advances of shale gas exploration and production in the 
U.S. and the pore-scale imaging techniques has led to substantial amount of pore 
image data from organic-rich shales and other fine-grained rocks (Loucks et al., 
2012). However, how organic-matter porosity exactly develops and at what maturity 
levels this transition takes place remains elusive. Fishman et al. (2012) observed no 
systematic change in size and shape of organic-matter pores in Kimmeridge Shale 
with varying maturity (Ro < 0.5 % - 1.3 % < Ro). The minor low-porous organic matter 
found by Loucks et al. (2009) and Klaver et al. (2012) in early mature organic-rich 
shales mostly appeared as micro-cracks along the organic-matter-matrix interface. 
Sondergeld et al. (2013) also found crack-like porosity in oil- maturity shales using FIB-
SEM. This type of porosity is different from the round to irregular intra-organic-matter 
porosity imaged in organic-rich shales from the gas window (e.g., Curtis et al., 2012a; 
Klaver et al., 2015a; Milliken et al., 2013).  
In this article we present the results of a BIB-SEM study on mature to post-mature 
Posidonia Shale samples. The samples originate from the Hils syncline in northern 
Germany which exposes the Lower Toarcian (Lower Jurassic) Posidonia Shale at rela-
tively shallow depths with increasing maturity, ranging from 0.48 % Ro in the southeast 
up to 1.45 % Ro in the northwest of the syncline (Littke et al., 1988; Rullkötter et al., 
1988). The maturation increase is due to either deep burial during the Late Jurassic 
and Early Cretaceous or Late Cretaceous magmatic heating (Bartenstein et al., 
1971; Petmecky et al., 1999). This maturity sequence over a relative small spatial and 
pressure range within one unit of the Posidonia Shale allows study of the maturity ef-
fect on the microstructure, in particular on the organic-matter pore morphology. The 
most mature Posidonia Shale samples contain hydrocarbon-bearing and calcite 
filled horizontal fractures (Jochum et al., 1995; Littke et al., 1988). These bedding par-
allel fractures can increase the storage capacity and enhance permeability. 
Kanitpanyacharoen et al. (2012) observed about 7 vol.% of low density features – like 
porosity, kerogen and fractures – aligned parallel to the bedding in a high mature 
Posidonia Shale (1.45 % Ro) sample by using synchrotron X-ray Micro Tomography. 
Mercury and total porosity of Posidonia Shale samples from the Hils area vary be-
tween 3.0 and 22 % and is lowest in the samples of oil-window maturity (0.88 % Ro; 
Ghanizadeh et al., 2014a; Mann, 1987; Rexer et al., 2014). Klaver et al. (2012) detect-
ed a visible porosity of about 2.7 % using BIB-SEM in early mature (~0.6 % VRr) 
Posidonia Shale samples containing virtually no organic-matter porosity except as 
micro-cracks between organic matter and the low porous matrix. Nanoporous 
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pyrobitumen with pore sizes of 1-200 nm in a gas-window Posidonia Shale sample 
(1.45 % Ro) were recognized by Bernard et al. (2013; 2012a) using FIB-SEM, Transmis-
sion Electron Microscopy (TEM) and synchrotron-based Scanning Transmission X-ray 
Microscopy (STXM). As far as we know, no quantitative image analysis on large ion 
milled cross-sections using BIB-SEM has been published on mature Posidonia Shale 
samples. This contribution aims to give more understanding on the development of 
porosity in mature and post mature Posidonia Shale using BIB-SEM and is following-up 
on a previous BIB-SEM study on early mature Posidonia Shale samples (Klaver et al., 
2012). Particularly, we focus on the organic-matter porosity, and how it differs from 
early mature Posidonia Shale (Klaver et al., 2012). The largest cracks (>~1 m) are 
also quantified, as crack-porosity is an important component of the porosity in these 
mature organic-rich shales (Jochum et al., 1995; Kanitpanyacharoen et al., 2012). 
Besides, the visible BIB-SEM porosity is linked to the Mercury Intrusion Porosimetry (MIP) 
porosity, and compared with preliminary Wood’s Metal Injection (WMI) results. These 
findings and their implications for the storage and transport of hydrocarbons are dis-
cussed. 
8.2 Samples and methods 
A mature and a postmature Posidonia Shale sample, labeled as RWEP10 and 
RWEP14, respectively, were used for this study. The two core fractions originate from 
the same region in northern Germany as the samples described in Klaver et al. (2012) 
but from a more mature part of the Hils syncline. Sub-samples for the different kinds of 
methods were cut at dry conditions from the core material to prevent (re-)hydration. 
Samples for the BIB-SEM investigation were pre-polished dry to reduce damage from 
sawing using silicon carbide (SiC) sandpaper down to grit size P2000. 
8.2.1 XRD analysis, vitrinite reflectance and Rock Eval pyrolysis 
Mineralogy was obtained by X-ray powder diffraction (XRD) using a Bruker D5000 at 
the Geological Institute Aachen (GIA, RWTH Aachen University) and quantified using 
the Rietveld Method (TOPAS). Vitrinite reflectance was measured in oil immersion on 
bedding-perpendicular polished sections at 50 times magnification, measurements 
of RWEP10 and RWEP14 were calibrated against an Yttrium-Aluminium-Garnet 
(R=0.889 %) and Gadolinium-Gallium-Garnet (R=1.714 %) standard, respectively. The 
mean vitrinite reflectance values were calculated based on 100 point measure-
ments. Total organic carbon content was determined and Rock-Eval pyrolysis was 
carried out according to Espitalié et al. (1977).  
8.2.2 BIB-SEM 
Sub-samples for the BIB-SEM analyses were argon ion-milled using a JEOL SM-09010 
cross-section polisher (see for details Klaver et al., 2012), coated with gold and im-
aged in a Zeiss Supra 55 Field Emission SEM at the RWTH Aachen University. At least 
two BIB cross-sections were imaged of each sample but the quantitative pore anal-
yses was carried out on only one BIB cross-section of each sample. The BIB cross-
sections were mapped at a magnification of 10,000x using the BSE detector. The SE2 
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mosaics needed for the pore segmentation were imaged at a magnification of 
20,000x. An area over 200 × 200 m2 was interpreted to be representative for the 
quantitative pore analyses on the scale of the 1-2 mm2 size cross-sections for both 
samples. The representative elementary area (REA) was not determined for these 
two samples but the REA determined in the early mature Posidonia Shale samples 
was 140 × 140 m2 (Klaver et al., 2012) as obtained by box-counting of the mineral 
phases. The pore segmentation on SE2 maps were detected automatically using a 
MATLAB algorithm and inaccurate pore segmentations were corrected manually in 
ArcGIS 10. Pores in the organic matter and carbonate fossils were assigned to a spe-
cific class and pore space with typical matching edges, elongated shape and sharp 
tips were interpreted as cracks. Orientations and aspect ratios (width divided by 
length) of the pores and cracks were calculated based on the minimum area 
bounding envelope in ArcGIS 10. 
8.2.3 MIP and WMI 
From both samples a sub-sample was sent to Micromeritics Analytical Services Eu-
rope (Aachen, Germany) for MIP analyses in the 360 - 0.003 micrometer pore throat 
range. A WMI experiment was carried out on another sub-sample of RWEP14. First, 
the sample for the WMI of about several millimeters in size was oven-dried at 80˚ C for 
24 hours and afterward immediately submerged in the molten Wood’s Metal (WM) in 
a pressure cell at around 80˚ C according to Klaver et al. (2015b). Then the upper 
piston was put in place and the pressure was increased up to 150 MPa, when the 
experiment stopped. This pressure is equivalent to a pore entry diameter of 7 – 10 
nanometer (using a surface tension of 0.400 – 0.490 N/m and a wetting angle of 130 
– 140˚) according to the Washburn equation (Washburn, 1921). After cooling down, 
the sample was cut out and pre-polished using SiC paper for the ion polishing. The 
sample surface was polished using the SC-1000 ion mill (Technoorg Linda Ltd. Co., 
Budapest, Hungary) at cooling conditions according to Klaver et al. (2015b) and im-
aged without coating in the SEM. 
8.3 Results 
8.3.1 XRD analyses, organic petrography, TOC and Rock-Eval pyrolysis 
XRD analyses show that the samples RWEP10 and RWEP14 are very similar to each 
other and comparable to other studies (Kanitpanyacharoen et al., 2012; Rexer et al., 
2014) and consist mostly of calcite, quartz, muscovite/illite, kaolinite, pyrite and albite 
(Table 8-1). The other constituents are dolomite, anhydrite, chlorite, anorthite, 
ankerite, nacrite and siderite counting for about 11 – 10 % of the total content. These 
values are comparable to the early mature Posidonia Shale samples of Klaver et al. 
(2012), though these samples also contain small amounts of dolomite (respectively 
2.0 % and 2.7 %), and ankerite (respectively 1.3 % and 1.2 %) which are not present in 
the early mature samples (Klaver et al., 2012). The increase of dolomite in the more 
mature samples was also found by Kanitpanyacharoen et al. (2012) and Rexer et al. 
(2014). However, with respect to maturity the samples show quite different results. 
TOC is 4.35 wt.% and 5.92 wt.% and the VRr is 0.91 % and 1.52 % for sample RWEP10 
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and RWEP14, respectively. Besides, the Rock-Eval data show a high S2 peak for sam-
ple RWEP10 and low S2 peak for sample RWEP14, respectively.  
Table 8-1. Mineralogical composition obtained by XRD analyses, TOC, vitrinite reﬂectance and Rock-
Eval results of RWEP10 and RWEP14. 
Sample 
Calcite 
[%] 
Quartz 
[%] 
Muscovite 
/ illite [%] 
Kaolinite / 
clinochlore 
[%] 
Pyrite 
[%] 
Albite 
Other 
[%] 
TOC 
[%] 
VRr 
[-] 
S1 
[mg/g] 
S2 
[mg/g] 
Tmax 
[°C] 
HI 
[-] 
              
RWEP10 46 15 13 6 5 4 11 4.35 0.91 2.16 18.79 435 462 
RWEP14 47 14 14 5 4 6 10 5.92 1.52 2.08 5.80 445 98 
              
Hence, RWEP14 is post mature and clearly of higher maturity than the other 
Posidonia Shale samples investigated. The relatively low Tmax measured for sample 
RWEP14 point to a type III kerogen indicating relatively more terrestrial organic-
matter input in this sample (Figure 8.1).  
 
Figure 8.1. Hydrogen Index versus Tmax of RWEP06, RWEP08 (*after Klaver et al., 2012), RWEP10 and 
RWEP14. 
8.3.2 BIB-SEM 
8.3.2.1 Description of the cross-sections and visible porosities 
The different BIB cross-sections of sample RWEP10 show similar characteristics. The 
mineral fabric consist mainly of clay-rich matrix, carbonate and quartz grains, car-
bonate fossils, euhedral or framboidal pyrite and organic matter (Figure 8.2). The 
carbonate and quartz grains are up to several ten’s of micrometers in size and are 
supported by the clay-rich matrix. The clay-rich matrix consists of clay minerals and 
the finer grained fraction of the carbonate and quartz. Elongated grains are gener-
ally aligned to the bedding. Most of the organic matter of RWEP10 in Figure 8.2 shows 
no clear fabric and is interpreted as bitumen. The organic matter in the cross-section 
is less scattered and the porous carbonate fossils are similar though are less abun-
dant as in the early mature Posidonia Shale (Klaver et al., 2012). The visible porosity is 
0.84 % which is about 2.5x smaller than found in the early mature samples (Klaver et 
al., 2012) and the pores in the carbonate fossils account for 0.05 % of the visible po-
rosity. The largest pore is about 4.5 m in equivalent diameter. Over 700 micro-cracks 
(>~1m in length) were identified accounting for an additional 0.09 % of pore space.  
Sample RWEP14 shows comparable mineral fabric as sample RWEP10 though in this 
sample the carbonate and quartz grains tend to be larger and the carbonate fossils 
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are less pronounced (Figure 8.3). The amount of organic matter is more abundant, 
consistent with the higher TOC measured in this sample (Table 8-1) and is sub-parallel 
to the bedding when elongated in shape. Different from sample RWEP10, sample 
RWEP14 does contain organic matter with a clear structure interpreted as terrestrial 
organic-matter, conform the Rock Eval measurement (Figure 8.1). The visible porosity 
in this sample is three times higher than in sample RWEP10 and is 2.59 % with 0.12 % in 
the carbonate fossils. More than 800 micro-cracks account for 0.05 % of crack porosi-
ty which is smaller than in sample RWEP10. The largest pore is about 2.3 m in equiva-
lent diameter Overall for both samples, the mineral pore morphologies are compa-
rable to the early mature Posidonia Shale samples (Klaver et al., 2012). On the con-
trary, the organic-matter porosity does show differences. 
 
Figure 8.2. BSE mosaics with pore space segmentation of sample RWEP10. The pores are blue and the 
cracks are highlighted in red (which makes them appear larger), 718 cracks were segmented. 
The boxes and labels correspond to the detailed images of the organic matter in Figure 8.4. 
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Figure 8.3. BSE mosaics with pore space segmentation of sample RWEP14.The pores are blue and the 
cracks are highlighted in red (which makes them appear larger), 718 cracks were segmented. 
The boxes and labels correspond to the detailed images of the organic matter in Figure 8.5. 
8.3.2.2 Organic-matter porosity 
The organic matter in Figure 8.4A is interpreted as microfracture-filling bitumen 
(Bernard et al., 2013) and is surrounded with crack-type porosity at the bitumen-
matrix interface. Figure 8.4B shows organic matter containing both the crack-type 
porosity as also some sub-micron intra-organic-matter porosity. Overall, the organic-
matter porosity is mostly crack-type porosity at the solid bitumen-matrix interface. The 
length of the segmented microcracks are typically over 1 micrometer in length but 
can also be smaller and size is controlled by the shape and size of the organic-mater 
particle (Figure 8.4C). The organic matter imaged in another BIB cross-section, pre-
pared parallel to the bedding, also shows the typical crack-type pore space at the 
organic matter – mineral interface (Figure 8.4D). Intra-organic-matter pores were not 
imaged in this cross-section.  
Sample RWEP14, however, does contain visible pores within the organic matter inter-
preted as solid bitumen. The majority of these organic-matter pores are below 1 mi-
crometer in size (Figure 8.5A and B). This is typical for both BIB cross-sections, the 
crack-type pores at the organic-matter-mineral interface are not widespread is this 
sample. One low porous organic-matter particle does also contain crack-type pores 
(Figure 8.5C) though cross-cutting it instead of enclosing it. This suggest a stiffer and 
another organic-matter type then the solid bitumen in Figure 8.4A. One pore in  
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Figure 8.4. Organic-matter porosity in sample RWEP10 from Figure 8.2 and other BIB cross-section. (A) 
Crack type pores at the organic matter – mineral interface. (B) Crack type pores at the organ-
ic matter – mineral interface and small intra-organic-matter pores. (C) Crack type pores at the 
organic matter – mineral interface surrounding smaller organic-matter particles. (D) Section 
parallel to bedding showing crack type porosity at the organic matter – mineral interface. 
organic-matter is up to four micrometer in length and has a polygonal shape (Figure 
8.5D). These latter two organic matter particles lack the sub-micron organic-matter 
pores and have a clear structure and are therefore also interpreted as depositional 
kerogen or terrestrial organic-matter like vitrinites which contain generally no sec-
ondary organic-matter porosity (Giffin et al., 2013; Klaver et al., 2015a; Reed and 
Ruppel, 2014). Outside the segmented area of Figure 8.3, a larger kind of organic-
matter pore – 10 m in diameter – was found, filled with randomly stacked clay min-
erals (Figure 8.5E). EDX mapping, revealing only Al and Si counts, and the fabric point 
to authigenic kaolinite pore fill. The relative large organic-matter particle with clear 
and straight edges indicate depositional kerogen. Hence, this organic-matter parti-
cle contained primary porosity that was later filled with authigenic kaolinite. The oth-
er BIB cross-section contains a porous organic matter particle with a high degree of 
internal structure (Figure 8.5F), interpreted as depositional kerogen. These latter two 
examples illustrate the heterogeneous character in the interpreted primary porosity 
(see also Klaver et al., 2015a; Reed et al., 2014).  
Overall the porosity related to organic matter is minor, only 0.05 % and 0.10 % in 
RWEP10 and RWEP14, respectively. Especially in sample RWEP10 concerning the in-
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tra-organic-matter porosity, since the major part of the organic-matter porosity in this 
sample is of the crack type porosity. Despite the small fraction of organic-matter po-
rosity in RWEP14 with regards to the total visible porosity – less than 4 % of the visible 
porosity – some organic matter particles do show high porosities. The organic-matter 
porosities in sample RWEP14 vary significantly from several tens down to zero porosity 
– for organic-matter particles > 1m2 and excluding the depositional kerogen porosi-
ty –, resulting in a weighted average porosity of 2.5 % (Figure 8.6). 
 
Figure 8.5. Organic-matter porosity in sample RWEP10 from Figure 8.3 and other BIB cross-section. (A) 
Crack type pores at the organic matter – mineral interface. (B) Crack type pores at the organ-
ic matter – mineral interface and small intra-organic-matter pores. (C) Crack type pores at the 
organic matter – mineral interface surrounding smaller organic-matter particles. (D) Section 
parallel to bedding showing crack type porosity at the organic matter – mineral interface. 
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Figure 8.6. Organic-matter porosity distribution RWEP14. 
8.3.2.3 Pore size distributions 
Almost 38.000 and 73.000 pores were detected in the BIB-SEM mosaics from RWEP10 
and RWEP14, respectively. The pores in the calcite fossils are classified as an unique 
pore class, about 1600 pores in RWEP10 and 1500 pores in RWEP14, as these show an 
atypical pore size distribution (PSD), similar to Klaver et al. (2012), as shown in Figure 
8.7. The PSD of the fossil pores in sample RWEP14 has a peak in the PSD larger than 
the Practical Pore Resolution (>PPR; Figure 8.7A) where the PSDs in the ‘non-fossil 
pores show the most frequent pores smaller than the PPR (Figure 8.7B). The PPR is set 
at 19 pixels and equals an equivalent diameter of 72 nm at 20,000 times magnifica-
tion. This deviation is also clearly illustrated in the normalized PSDs, that show, despite 
the low number of data points, a clear dog-leg in the linear best fit (Figure 8.7C and 
E), indicating a dual power-law distribution. However, the power law exponent (D) is 
slightly higher for pores with smaller pore diameters in sample RWEP10 compared to 
the early mature samples, and the power law exponent is lower for pores with larger 
pore diameters in sample RWEP14 compared to the early mature samples (Klaver et 
al., 2012). The power law exponents for the non-fossil pores are comparable to each 
other (2.35 and 2.34, Figure 8.7D and F, respectively) but are higher than the early 
mature samples (2.0 - 2.2; Klaver et al., 2012). This indicates that smaller pores in these 
samples contribute relatively more to the pore space than larger pores compared to 
the early mature samples. 
8.3.2.4 Aspect ratios and orientations 
The pores show a positively skewed distribution of aspect ratios with on average a 
higher aspect ratio in sample RWEP14 (Figure 8.8A). Average pore aspect ratios are 
0.40 and 0.54 for pores above the PPR for sample RWEP10 and RWEP14, respectively. 
Cracks have lower aspect ratios than the pores and the major part of the cracks 
have aspect ratios below 0.3 for both samples (Figure 8.8B). Pore and crack orienta-
tions illustrate that the cracks are mostly orientated sub-parallel to the bedding, and 
pores and cracks in sample RWEP14 are more aligned to the bedding than pores 
and cracks in sample RWEP10 (Figure 8.8C and D).  
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Figure 8.7. PSD of pores in the carbonate fossils and non-carbonate fossils phases from BIB-SEM mosaics 
of sample RWEP10 (Figure 8.2) sample RWEP14 (Figure 8.3). (A) PSD of the pores in the car-
bonate fossils. (B) PSD of the non-fossils pores. (C) and (D) Normalized PSDs of pores in the car-
bonate fossils and non-carbonate fossils phases sample RWEP10. (E) and (F) Normalized PSDs of 
pores in the carbonate fossils and non-carbonate fossils phases of sample RWEP14. Data are 
plotted as the logarithm of normalized frequency of pore area as a function of the logarithm 
of binned pore area. Solid line through data from the range of validity is the best linear fit and 
for the non-fossil pores, the 95 % confidence levels are also shown. Resulting power law expo-
nent (-D) and intercept (Log C) are given in each plot. 
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Figure 8.8. Aspect ratios and orientations of all pores and cracks above the PPR. Aspect ratios and ori-
entations of pores (A and C) and cracks (B and D) of sample RWEP10 are in blue and of sam-
ple RWEP14 are in red. Orientations of the bedding is horizontal. 
8.3.3 MIP 
Both MIP curves show intrusion within the 360 - 10 m pore throat range which is in-
terpreted as filling of the sample surface roughness and cracks in the samples. These 
intrusion volumes are subtracted from the MIP curves and resulted in a connected 
porosity of 2.65 and 6.88 % for sample RWEP10 and RWEP14. respectively. These MIP 
porosities are about three times higher than the visible porosities imaged with SEM. 
This discrepancy is because of resolution as MIP measures the pore volume down to 
3 nm in pore throat diameter while the PPR using BIB-SEM is about 70 nm in equivalent 
pore diameter. Moreover, from the MIP intrusion curve follows that the major part of 
the mercury intrusion takes place at pore throat diameters below 10 nm - equivalent 
to an intrusion pressure of 125 MPa using a surface tension of 0.485 N/m and a wet-
ting angle of 130˚ - with most of the intrusion taking place around 4 nm, indicating 
narrow pore connections for both samples. Besides, at 10 nm pore throat diameter 
the MIP porosity is equal or half of the visible BIB-SEM porosity of sample RWEP10 and 
RWEP14, respectively. This porosity gap is interpreted because of the high pore body 
to pore throat ratios, about 6:1 and 10:1 at an equivalent pore diameter of 72 nm.  
8.3.4 WMI 
The BIB-SEM observations indicate that WM intrusion is minor and intruded only locally 
into some cracks and laminae sub-parallel to the bedding (Figure 8.10A). Most WM-
filled pores are close to the sample edge and a major part of the matrix remained 
unfilled. The WM-filled laminae extend for several hundreds of micrometers into the 
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sample and are about 10 - 20 m thick (Figure 8.10B). Pores within a calcite fossil and 
interparticle pores, up to 2 m in size, in the matrix are filled with the WM along such 
a WM-filled lamina (Figure 8.10C). Similar calcite fossils were also filled with WM in 
Opalinus Clay in a previous study (Klaver et al., 2015b). Locally, interparticle pores 
and cracks are filled with WM more distant from the WM-filled laminae (Figure 8.10D). 
 
Figure 8.9. MIP intrusion and extrusion cycles and differential intrusion of sample RWEP10 (A) and RWEP14 
(B). 
 
 
Figure 8.10. SEM images of WM in Posidonia Shale (RWEP14). (A) Overview image showing the WM at 
the edge of the sample. (B) WM inside a laminae, detail of (A). (C) Filled interparticle pores in 
the matrix and carbonate fossil, detail of (B). (D) WM-filled interparticle pores in the clay-rich 
matrix and in cracks around and in a mineral grain. 
Chapter 8: BIB-SEM pore characterization of mature and post mature Posidonia Shale samples from the 
Hils area, Germany 
154 
 
8.4 Discussion 
In the next section the porosities and PSDs will be compared against each other and 
earlier published results. Then the effect of maturity on organic-matter porosity in the 
studied samples will be discussed. The last part evaluates the impact of pore space 
on storage and transport properties of the samples. 
8.4.1 Comparison of porosity and PSDs 
For both the BIB-SEM and MIP measurements the porosities are significantly lower in 
the mature sample (RWEP10) compared to the post mature (RWEP14). This is at first 
expected, because of maturity (Table 8-1). However, the BIB-SEM porosities are also 
lower compared to the early mature samples investigated in a previous study (2.75 % 
in RWEP06 and 2.74 % in RWEP08; Klaver et al., 2012). Though, Ghanizadeh et al. 
(2014a), Mann (1987) and Rexer et al. (2014), also found a decrease in porosity in 
their mature (0.88 % Ro) Posidonia Shale samples. The difference in the visible BIB-SEM 
porosity in this study is attributed to the number of pores and not the distribution. Fig-
ure 8.7 shows that both samples have a similar slope (power law exponent) in the 
normalized PSDs but sample RWEP14 has a higher intercept (Log C) indicating that 
for every pore size class there are relatively more pores in RWEP14 than in RWEP10. 
Moreover, the MIP intrusion curves (Figure 8.9) demonstrate a comparable mercury 
intrusion vs. pore throat diameter as well. Rexer et al. (2014) also found similar normal-
ized CO2 isotherm shapes in Posidonia shales and kerogens. However, the power law 
exponents of the visible pores in the early mature samples (Klaver et al., 2012) are 
significantly lower than found in this study. Overall, this indicates a decrease of poros-
ity by a decline of larger pores going into the oil window and an increase of the 
number of all the pore sizes by entering into the gas window, this would fit the porosi-
ty development scheme of Mastalerz et al. (2013). The relative low frequency of 
pores in the mature sample is interpreted to exist because of: 1) enhanced cemen-
tation and compaction (lower aspect ratio; Figure 8.8A) in sample RWEP10 and; 2) 
an increase of organic-matter porosity in sample RWEP14 because of maturation as 
this sample clearly shows organic-matter porosity. Though, the visible organic-matter 
porosity is only minor in this sample.  
8.4.2 Organic-matter porosity and maturity 
The development of organic-matter porosity in the high mature samples of the 
Posidonia Shale is also reported in previous studies (Bernard et al., 2013; Bernard et 
al., 2012a; Grathoff et al., 2014). However, the average organic-matter porosity of 2.5 
% is relatively low compared to other studies (Curtis et al., 2012a; Klaver et al., 2015a) 
and is interpreted because the post mature sample is at the early stage of gas win-
dow maturity (VRr = 1.52 %). The crack-type porosity at the organic-matter – mineral 
interface in the lower mature samples of the Posidonia Shale has been interpreted as 
dehydration cracks before (Klaver et al., 2012). Sondergeld et al. (2013) observed 
also crack-like features in organic matter in shales of oil window maturity and sug-
gested that these are formed due to shrinkage of the organic matter and by oil-
generation microfracturing (Berg and Gangi, 1999). Damage of the organic-mater, 
like shrinkage cracks due to ion milling, is also mentioned by Schieber et al. (2012). 
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Loucks and Reed (2014) named such features devolatization cracks and interpreted 
these to take place during drilling and coring. However, an SE2 image Figure 8.11), of 
such devolatization cracks along organic-matter – mineral interfaces, illustrates a 
depression as indicated by the shadows on top of the interpreted solid bitumen. The-
se depressions, in combination with devolatization cracks along organic-matter – 
mineral interfaces, are present at a few other locations in association with the larger 
(>~50 micrometer in length) organic matter particles. This would point to deformation 
of the solid bitumen during the BIB polishing and SEM imaging at high vacuum (1 × 
10-5 - 10-6 mbar) indicating a more viscous or colloidal-like (Alcantar-Lopez and 
Chipera, 2013) structure of this type of solid bitumen. Moreover, Bassim et al. (2012) 
found that minor chemical changes were induced in coal samples due to FIB milling. 
On the other hand, a FIB uses generally heavier ions (Gallium) and higher energies 
than a BIB (Argon), and no significant differences have been reported between or-
ganic-matter porosity in shales imaged in either FIB or BIB. Overall, the lack of these 
cracks in the postmature samples indicates a transition from a non-porous more vis-
cous solid bitumen in the mature sample into the intra organic-matter porosity of the 
postmature sample going from oil window into gas window maturity. However, it still 
remains unknown to what extent ion milling in general effects the microstructure of 
sensitive organic-matter like solid bitumen of oil-window maturity. A possible way to 
deduce artifacts is by applying Cryo-BIB-SEM which would allow investigation of the 
in-situ solid bitumen distribution (Desbois et al., 2014; Schmatz et al., 2015). Moreover, 
the type of kerogen could also play a role whether crack-type pores at organic-
matter – mineral interface are being formed or not, as the two samples in this study 
show different  types of kerogen in the BIB-SEM maps.  
 
Figure 8.11. Organic-matter micro cracks formation due to devolatilization in sample RWEP10 (same 
location as Figure 8.4A). 
8.4.3 Storage capacity and transport properties 
As mentioned in the beginning of this section, the porosity in the mature sample 
(RWEP10) is lower compared to the overmature sample (RWEP14) for both the BIB-
SEM as the MIP measurements. In addition, the BIB-SEM porosities are significantly 
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smaller than the BIB-SEM porosities and much smaller than He porosities measured by 
Ghanizadeh et al. (2014a) on similar samples. These differences are because of the 
different detection limits of the different methods, which are 70 nm (in this study), 3 
nm and  0.3 nm for BIB-SEM, MIP and He pycnometry, respectively. However, when 
the BIB-SEM porosity is extrapolated, by using the power-law exponents from the best 
fits of the normalized PSDs (Figure 8.7D and F) according to Klaver et al. (2012), the 
inferred porosities are above the MIP and Helium porosities (Figure 8.12). The extrapo-
lations of the lower 95 % confidence levels best fits do show an overlap with the MIP 
porosities of both samples and with the Helium porosity of overmature sample. Most 
of the inferred pore space is below the resolution limit of the SEM and interpreted to 
exist within the clay aggregate for both samples and also within the organic-matter 
for the overmature sample.  
 
Figure 8.12. MIP, BIB-SEM, inferred and He porosity. (A) RWEP10 and (B) is RWEP14, input values (D/Log C) 
for the extrapolated best fit are conform Figure 8.7. The thin dashed lines are the extrapolations 
based on the 95 % confidence levels of the linear best fit. He porosities are after Ghanizadeh et 
al. (2014a) of samples from the Harderode and Haddessen well. 
However, because of the relative low organic-matter porosity with respect to the 
visible porosity (<4 % of the porosity), the contribution of organic-matter porosity be-
low the resolution is expected to be minor. Moreover, despite that micro cracks par-
allel to the bedding in mature shales have been suggested (e.g. Vernik, 1994) and X-
ray-tomography showed fracturing of organic-rich shales during pyrolysis 
(Kobchenko et al., 2011; Panahi et al., 2014; Tiwari et al., 2013), the impact of cracks 
on the storage capacity of our studied samples is also small. Especially when we take 
into account that most of the cracks in the mature sample are along organic-matter 
– mineral interfaces which tends to be an artifact because of devolatization. Still, 
these weaker zones can be indicative for the preferred pathways for transport and 
they suggest a preferred transport pathway sub-parallel to the bedding (Figure 8.8D). 
This is also illustrated by the WMI results that show WM intrusion mostly along certain 
laminae or cracks in sample RWEP14 (Figure 8.10). Ghanizadeh et al. also found a 
higher permeability parallel to bedding compared to bedding perpendicular exper-
iments of comparable sample. For both our studied samples the difference in pore 
diameter between the MIP and BIB-SEM porosity is in the order of one magnitude, 
i.e., a 6-10 nm pore throat corresponds to a 72 nm pore body, suggesting that both 
samples have a similar degree of connectivity. The low amount of WM intrusion at 
pressures equivalent to a pore throat diameter of 10 nm and the increase of mercury 
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intrusion at equivalent pore throat diameters below 10 nm suggests that most of the 
pore space is connected with pore throats below 10 nm. However, this only holds 
when no compaction of the pore fabric takes place during the high intrusion pres-
sures needed to access these small, nanometer size pore throats (Klaver et al., 
2015b). 
8.5 Conclusions 
This study presents microstructural characterization of porosity, and in particular of 
organic-matter porosity, of two organic-rich Posidonia Shale samples of mature 
(RWEP10; VRr = 0.91) and postmature maturity (RWEP14; VRr = 1.52). Form this contri-
bution we conclude that: 
1. The porosity in the investigated early mature to post mature Posidonia Shale 
samples show a decrease of porosity because of a loss of large pores going 
into the oil window and an increase of the number of all the pore sizes by en-
tering into the gas window, comparable to the porosity development scheme 
of Mastalerz et al. (2013) 
2. Both samples show a similar pore size distribution but the pores in sample 
RWEP10 are less frequent resulting in a lower visible porosity of 0.84 % com-
pared to 2.59 % in sample RWEP14. This difference is attributed to a combina-
tion of enhanced cementation and compaction in sample RWEP10 and minor 
secondary organic-matter porosity in sample RWEP14. 
3. The postmature RWEP14 sample contains intra-organic-matter pores which is 
notably different from the mature RWEP10 sample that contains crack-type 
porosity at the organic-matter – mineral interface. The latter is an artifact and 
are formed by devolatization due to coring, sampling and sample treatment 
at vacuum conditions. The transition from these non-porous organic-matter in-
to intra-organic-matter pores is interpreted because of thermal maturation in-
creasing the porosity. 
4. Pore orientations suggest, and WMI show, preferred transport pathways sub-
parallel to the bedding. Comparison between MIP and WMI-BIB-SEM indicate 
that most of the pores are connected with pore throats below 10 nm. 
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Chapter 9: Synopsis 
9.1 Concluding remarks 
This study presents the microstructural characterization of pore space morphology in 
several organic-rich shales by means of BIB-SEM and complementary techniques. 
Chapter 4 (Klaver et al., 2012) about the application of the BIB-SEM method in gen-
eral, illustrates an extrapolation technique to compare the BIB-SEM results with MIP. 
Besides, investigation of the pores in Posidonia Shale samples indicate typical pore 
morphology associated with different mineral phases. More specifically, from Chap-
ter 5 (Klaver et al., 2015a) follows that these different mineral phases have typical 
PSDs in Haynesville and Bossier Shale samples and three types of organic matter 
were classified containing typical pore morphologies. Combining BIB-SEM with WMI, 
Chapter 6 (Klaver et al., 2015b), illustrate the preferred pathways for transport in 
mudstones and gives insight to the pore connections at nanometer resolution on the 
centimeter scale. FIB-SEM analyses of a Haynesville Shale sample shows the 3D pore 
morphology and pore throats indicating the significance of the organic-matter po-
rosity in overmature samples in Chapter 7. The transition of organic-matter porosity 
form mature to postmature Posidonia Shale is briefly described in Chapter 8.  
From the microstructural characterization of pore space morphology and mineral 
fabric in organic-rich shale samples from the Posidonia Shale, Haynesville Shale and 
Bossier Shale formations, by using BIB-SEM and complementary techniques, we con-
clude and recommend the following: 
9.1.1 (WMI-) BIB-SEM and REA 
BIB-SEM allows qualitative and quantitative study of the pores space and mineral 
fabric in REA and can resolve pores of around 5 – 10 nm diameter. Using semi-
quantitative segmentation of the mineralogy from the BSE gigapixel images, we 
found that at the mm-scale of the BIB cross-section the representative elementary 
area of the samples is around 140 × 140 µm2, for the Posidonia Shale samples, to 200 
× 200 µm2 for the Haynesville and Bossier Samples. Excluding sand-sized (~>100 m) 
mineral grains in a few of the cross-sections. At least one Haynesville Shale sample 
shows a uniformly distributed heterogeneous mineralogy and fabric at the centime-
ter scale except for one millimeter scale carbonate-rich layer. The FIB-SEM blocks of 
the Haynesville Shale presented in this study do not represent the BIB-SEM mosaics 
because of different amounts of mineral and organic matter contents. However, BIB-
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SEM enables to understand the FIB-SEM findings at a larger scale. Therefore, BIB-SEM 
is a necessary tool to select the ROIs for FIB-SEM tomographies. Moreover, BIB-SEM in 
combination with WMI it is a powerful tool to analyze at high resolution which parts of 
a sample are intruded by the liquid metal or alloy at mm to cm scale.  
9.1.2 Porosity 
Porosity resolvable by BIB-SEM is 2.75, 2.74, 0.82 and 2.47 % for the samples RWEP06, 
RWEP08, RWEP10 and RWEP 14, respectively. The carbonate fossil porosity is 0.42, 0.41, 
0.05, 0.12 %, respectively. The differences are attributed to a combination of en-
hanced cementation and compaction in sample RWEP10 and RWEP14 and sec-
ondary organic-matter porosity in sample RWEP14. In the Haynesville and Bossier 
Shale, visible porosity varies from 0.11 to 1.71 % in REA and is attributed to different 
mineral contents between the samples. The majority of the BIB-SEM porosity is associ-
ated with minerals and not with organic matter for the Posidonia, Haynesville and 
Bossier Shales. As the organic-matter porosity is relatively high, a high TOC in the 
postmature to overmature shales results in a relatively higher porosity than a low 
TOC. Besides, different organic matter types yield different pore characteristics. The 
terrestrial maceral grains or vitrinites show little or no porosity whereas the solid bitu-
men show much higher porosities (average up to 13.1 %). For the Posidonia Shale, 
SOM 4-4 (Haynesville Shale) and SMY 4-2 (Bossier Shale) samples, the visible BIB-SEM 
porosities are higher than the MIP porosity at the same (~50 nm) equivalent pore 
(throat) diameter, indicating a high pore body to pore throat ratio in these samples 
(i.e., a significant ink-bottle effect). 
9.1.3 Typical pore morphologies 
Different pore morphologies are found in carbonate (fossils), silicates, pyrites, 
phyllosilicates, clay-rich matrix and organic matter: 
1. carbonates, mainly calcite but also dolomite in the coarse-grained sam-
ples of the Bossier Shale, containing intraparticle rounded pores interpret-
ed as fluid inclusions or faceted pores interpreted as a dissolution pattern 
(Large Calcite Pore; Chapter 4), and porous calcite aggregates or fossils 
with polygonal intraparticle and interparticle pores; 
2. silicates (mainly quartz but also albite in Bossier Shale) with very few small 
intraparticle pores within quartz, interpreted as fluid inclusions;  
3. authigenic pyrite (e.g., framboidal pyrite with intercrystalline pores and 
non-porous euhedral single grains of pyrite in all samples, and;  
4. phyllosilicates (mica, chlorite; the flake-like texture indicates secondary 
chlorite) intraparticle pores with high aspect ratios and interparticle pores 
depending on the arrangement of individual phyllosilicate aggregates, 
and; 
5. the fine-grained matrix is defined by the generic term of “clay” though it 
contains very fine-grained clasts mixed in with it. EDX analysis does not al-
low the main type of clay forming the matrix to be characterized but illite 
and kaolinite (in minor amounts) are likely candidates. The clay-rich matrix 
is very tight with mostly rounded pores below tens of nanometers except in 
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some localized regions in the Haynesville and Bossier Shales (at clast inter-
face), where the range of pore morphology and pore size is. In these last 
regions, pore morphology (from very elongated to crescent shape) and 
pore size (up to 5 µm in length) are defined by the individual arrangement 
of clay aggregates, and; 
6. The organic matter comprises three different types with typical pore mor-
phology: 
(1) Type A is represented by organic matter intimately mixed with very 
fine-grained grains and clay minerals, interpreted as solid bitumen 
admixed with clays. Organic matter of Type A contains pores with 
serrated to round edges. Rounded pores are the smallest pores, 
having a diameter mostly below 500 nm whereas larger pores have 
the serrated pore edges. The orientation of the elongated pores 
tend to align to the organic matter-mineral interfaces;  
(2) Type B emphasizes the sample bedding when present, the origin of 
this type is unclear and could also be solid bitumen, inertinite or 
may be derived from lamellar alginate. Organic matter of Type B 
contains pores ranging from a hundred nanometers to a few mi-
crometers in length. The larger pores tend to be curved with a high 
aspect ratio aligned with the bedding;  
(3) Type C is relatively dark and discrete displaying sharp boundaries 
with no characteristic internal structure and containing hardly any 
porosity except at the interface with the clay-rich matrix. This organ-
ic-matter type is interpreted as terrestrial maceral grains or vitrinite. 
9.1.4 Effect of grain size and mineralogy on pore space 
Samples and mineral phases show typical pore size distributions. Pore sizes follow a 
power law distribution, between several micrometers down to the mesopore size 
range (<50 nm). Pore areas are power-law distributed with a power-law exponent of 
about 2 (RWEP06 and RWEP08; immature) and about 2.35 (RWEP10 and RWEP14; ma-
ture - postmature) for the pore population that excludes the fossils in the Posidonia 
Shale. The differences are attributed to a combination of enhanced cementation 
and compaction in sample RWEP10 and RWEP14 and secondary organic-matter po-
rosity in sample RWEP14. Pores in the fossils show dual-power-law distribution with 
power-law exponents of about 1 for pores smaller then about 180 nm in equivalent 
diameter, and 3 for pore areas above this size. The power law exponents in the 
Haynesville and Bossier Shale samples vary from 2.25 to 2.48 and this difference is at-
tributed to different mineralogy and fabric. We observe a slight trend of a decreas-
ing power law exponent in the PSDs with increasing average grain size and an in-
creasing degree of a grain-supporting fabric within the Haynesville and Bossier Shale 
samples. Particularly for pores in the clay-rich matrix and in carbonates this suggests 
that samples with larger grains and a higher degree of grain-supporting fabric con-
tain relatively fewer small pores than large pores with respect to the finer-grained 
and more matrix-supported samples. Hence, a coarse-grained, grain-supported 
framework prevents pores from collapsing as a result of mechanical compaction in 
Chapter 9: Synopsis 
162 
 
the clay-rich matrix, similar to the model of Schneider et al. (2011). Pores in the clay-
rich matrix have a relatively high power law exponent (2.21 < D < 2.76), pores in car-
bonates an intermediate power law exponent (2.11 < D < 2.38), and pores in solid 
bitumen a relatively low power law exponent (1.70 < D < 2.09). In general, the more 
porous, the higher the intercept (Log C). The relative amounts of the different mineral 
phases combined with these parameters can act as input parameters for pore 
models, reservoir estimation and permeability estimation using the capillary tube 
model (Appendix A: Permeability estimates). However, care must be taken by select-
ing the right boundary conditions (e.g., PPR, minimum number of pores) for the best 
power law fit because of the high sensitivity of the power law function. Nevertheless, 
the power law exponent (D) and intercept (Log C) provide a good sense of how the 
pore sizes are distributed (Figure 3.14). 
9.1.5 Effect of maturity on pore space in organic matter 
Immature organic matter contains hardly any organic-matter porosity, except for 
minor cracks at the organic matter – mineral interface (RWEP06 and RWEP08; 0.59 
and 0.61, respectively), which are initially interpreted being formed by dehydration 
and micro cracking after coring (Klaver et al., 2012). Mature organic matter 
(RWEP10; VRr = 0.91) does also contain virtually no organic-matter pores but shows 
more cracks at the organic matter – mineral interface. These are interpreted not 
solely from dehydration and micro cracking after coring but could also being formed 
because of hydraulic fracturing (Berg and Gangi, 1999; Sondergeld et al., 2013). The 
postmature RWEP14 (VRr = 1.52) sample contains intra-organic-matter pores which is 
notably different from the mature RWEP10 sample that contains crack-type porosity 
at the organic-matter – mineral interface. The transition from these crack-type porosi-
ty into intra-organic-matter pores is because of thermal maturation. Investigations of 
organic matter in the postmature to overmature range (VRr = 1.8 - 2.6) revealed or-
ganic-matter types (9.1.3) of which the interpreted solid bitumen contained the 
highest organic-matter porosity, e.g., the porosity in the solid bitumen from Figure 
5.4G is about 28 %. This type shows an increase of average organic-matter porosity 
with increasing maturity in the maturity range studied (Klaver et al., 2015a). Other 
factors that should be considered with respect to organic-matter porosity are pore 
collapse (Milliken et al., 2013) and primary variability in organic matter (Curtis et al., 
2012a; Reed et al., 2014; Reed and Ruppel, 2014).  
9.1.6 Assessment of pore connectivity by BIB/FIB-SEM, MIP and WMI 
The pore connectivity is controlled by the pore throats which can be assessed by MIP 
down to pore throats of 3 nm in diameter. Moreover, comparison between the BIB-
SEM porosities with MIP gives insight in the pore connectivity and they indicate in 
general a high pore body to pore throat ratio in shales and that is also observed in 
the FIB-SEM analyses. The visible BIB-SEM porosities are lower than the total MIP porosi-
ties in all the samples investigated because of resolution issues (BIB-SEM at 40,000x ≈ 
50 nm vs. MIP = 3 nm equivalent pore diameter). Extrapolation of the BIB-SEM porosity 
by using the power law from the normalized PSDs allows estimation of pore frequen-
cies and porosity unresolved by BIB-SEM. Similar estimated BIB-SEM and MIP porosities 
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indicate that all the pores are connected. Differences between the estimated BIB-
SEM porosities and the MIP porosities can have several causes: 
1. a part of the pores remained unconnected for the mercury (e.g., Posidonia 
Shales), and or;  
2. the MIP porosity is overestimated because of cracks and compaction (Chap-
ter 6), and or; 
3. the sample has a different power law behavior in the mesopore size (< 50 nm) 
range, and or; 
4. because of sample variability. 
The gap in resolvable pore sizes between BIB-SEM and MIP can be bridged by using 
other methods like FIB-SEM, NMR, BJH gas adsorption and (U)SANS to a certain ex-
tent, but these techniques do not assess the pore connections. Instead, high pressure 
WMI in combination with high resolution BIB-SEM provides new insights to the dimen-
sions and geometries of pore networks in fine-grained rocks. From the MIP and WMI-
BIB-SEM experiments follows that in most of the shale samples investigated: 
1. significant volumes of larger pores are not connected via pore throats down 
to about 10 nm in diameter. It appears that in particular for the Opalinus Clay 
sample, the pore throats are actually smaller than measured by MIP, resulting 
in a higher capillary resistance and thus a higher sealing capacity.  
2. The major part of the pore throats are below 10 nm in diameter. This is equiva-
lent to an intrusion pressure of 125 MPa: much higher than these rocks ever 
experienced. 
3. Consequently, pore throats may be cut-off during MIP or WMI, due to defor-
mation and compaction of the clay-matrix. Pore-size distributions measured 
by MIP may therefore also reflect deformation of the rock and not only the in-
situ pore size distributions.  
4. Cracks play a major role during the intrusion of molten WM (or mercury) into 
the rock, indicating that significant care should be taken during sample prep-
aration. 
5. Therefore, previously published work on MIP on fine-grained, clay-rich materi-
als should be considered with precaution. 
6. Pore orientations suggest, and WMI show, that the preferred transport path-
ways are sub-parallel to the bedding.  
and from the FIB-SEM tomographies in one Haynesville Shale sample follows that: 
7. The resolution is too high (voxel size >10 nm) to image the small pore throats in 
these shales. 
8. Organic matter shows the largest pore networks and is connected throughout 
the sample and is therefore the most probable controlling component for gas 
transport.  
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Finally, MIP data of fine-grained rocks can contain significant artifacts, which cannot 
be corrected for by using the MIP data alone. Pore-size distributions derived from MIP 
require confirmation by direct observations of the metal filled pore space, e.g., using 
the described WMI-BIB-SEM method. Also, it shows what part of the pore space in the 
sample forms the interconnecting pore network. The amount of compaction during 
MIP or WMI can be quantified by doing these experiments on twin samples of which 
one is coated with latex (Penumadu and Dean, 2000) instead of epoxy (Appendix B: 
MIP and WMI on )  
9.1.7 Effect of ion milling and temperature on organic matter 
Preliminary Cryo-BIB-SEM investigation indicate that organic-matter porosity does not 
show a significant difference from organic-matter porosity ion-milled at ambient 
conditions, using a conventional BIB (Chapter 8). However, it has been reported that 
ion milling can affect the microstructure of organic matter, because of heating 
(Kanitpanyacharoen et al., 2013; Schieber et al., 2012). The BIB milling of the WM 
samples indicated that temperatures of over 70 ˚C can be reached during ion milling 
at 10 kV (Figure 6.6A). This temperature rise could also cause dehydration and shrink-
age of the organic matter. It is recommended to investigate the organic-matter po-
rosity quantitatively of similar samples ion-milled at different conditions (e.i., energy, 
current, temperature, time) to evaluate the effect of these parameters on the organ-
ic-matter porosity. Furthermore, it should be noted that, apart from the WMI samples, 
all the samples in this study were polished at similar conditions (6 kV, 150 µA, 7.5 hrs).  
9.2 Porosity model: elementary building blocks 
A porosity model can be constructed from the typical pore morphologies investigat-
ed in the different mineral phases (section 9.1.3), also known as elementary building 
blocks (Houben et al., 2013). When the mineral composition and distribution is known 
the microstructure and estimated porosity can be visualized schematically (Houben, 
2013). Figure 9.1 contains the main elementary building blocks found in this study and 
illustrates the alteration in microstructure and PSDs (relative change in D and Log C; 
see also Figure 3.14), of the clay-rich matrix and organic-matter type A by diagenesis 
and organic-matter porosity generation by maturation. The burial depths of the 
samples investigated in this study are unknown, but it is generally known that porosity 
decreases by increasing burial depth (Velde, 1996), resulting in a decreasing Log C 
with depth in the clay-rich matrix (Figure 9.1). Processes associated with the de-
crease of porosity after deposition of the sediments and biogenic material are: me-
chanical compaction by grain, rearrangement, reorientation, and grain defor-
mation; chemical compaction by carbonate dissolution and cementation at shallow 
burial depth, quartz cementation, dissolution of smectite and precipitation of illite, 
and kaolinite and K-feldspar dissolution into illite and quartz at greater depths (see 
also section 2.2). Porosity in organic matter of type A (solid bitumen) is developed at 
depths of gas-window maturity and increases with maturity (see also 9.1.5) resulting 
in an increase of Log C in the PSDs (Figure 9.1). It is assumed that during maturation, 
organic-matter pores increase in size and coalescence, forming larger pores, de-
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creasing the power law exponent (D). On the other hand, pore collapse can de-
crease the organic-matter porosity. Moreover, it should be noted that the protected 
organic matter in the mold of Figure 5.4G could represent the maximum organic-
matter porosity (28 %) of Type A, which is significant higher than the average organ-
ic-mater porosity in this sample (10 %). The power law exponent (D) of the clay-rich 
matrix is assumed to decrease with depth because large pores break up into smaller 
pores because of mechanical and chemical compaction.  
 
Figure 9.1. Elementary building blocks and porosity model. The main elementary building blocks found in 
this study are shown on the left. Schematic illustration of the microstructure evolution in the 
middle. The intensities of the different diagenetic processes are simplified and illustrated by the 
black bar. The development of the PSDs as relative change in D and Log C for the clay-rich 
matrix and organic-matter Type A is presented on the right side. 
The suggested linearity in the relationships between D and Log C with depth in Figure 
9.1 is a simplification. It is recommended to study similar sample from various depths 
to gain better understanding of the relationships between D and Log C with depth.  
9.3 Outlook and other applications 
9.3.1 Next challenges 
One of the challenges of the BIB-SEM is the up-scaling of pore investigations from the 
mm2 – cm2 to the tens - hundreds of meters scale of unconventional reservoirs. Re-
cently, new BIB polishers (EM TIC3X: Leica Mikrosysteme GmbH, Vienna, Austria; SC-
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1000: Technoorg Linda Ltd. Co., Budapest, Hungary and the Model 1060 SEM Mill: E.A. 
Fischione Instruments, Inc., PA, USA) are on the market that can ion-mill samples up 
to 4 cm in diameter, this would allow to investigate complete core plugs or cuttings. 
Detailed pore imaging and segmentation in combination with EDX mapping would 
allow connection to thin section scans (Petroscan) or even core scans (XRF).  
Another challenge is the comparison of WMI at the same pressure as MIP and would 
require a new pressure cell (up to 500 MPa). Up till now, the WMI apparatus does not 
allow a measurement of the volumes of WM during injection, but it can be modified 
in the future to do so. Also any quantitative analysis of the total volume of WM in the 
samples have not been done, which would require GPX mosaics on statistically rep-
resentative areas in combination with digital image segmentation and is subject of 
ongoing work. Moreover, a series of WMI-BIB-SEM investigations on similar samples at 
various pressures should give insight in the percolation threshold in fine-grained rocks.  
9.3.2 Future applications 
In this study, hundred thousands of pore segmentations are narrowed to a few num-
bers (i.e., porosity, D, Log C, circularity, orientation, aspect ratio, elongation and 
convexity) and observations (e.g., shape, location). However, much more 
petrophysical properties can be extracted from this kind of data by using digital rock 
physics (DRP). Andrä et al. (2013a, b) computed absolute permeability, electrical 
resistivity, and elastic moduli by applying DRP on MicroCT data. As BIB-SEM is mainly a 
2D method (Desbois et al., 2013), DRP cannot directly be applied on BIB-SEM meas-
urements. One simplistic way of estimating permeability is by applying the capillary 
tube model (Appendix A: Permeability estimates) which assumes a continues pore 
pathway without any narrowing pore throats. However, a more realistic 3D pore 
network can be constructed from 2D scans of heterogeneous porous media by using 
stochastic modeling which allows permeability calculations using the Lattice-
Boltzmann algorithm (Keehm et al., 2004; Wu et al., 2006). Ma et al. (2014) succeed-
ed to simulate gas flow from such a reconstructed 3D pore network based on BIB-
SEM pore segmentation of the Opalinus Clay (Houben et al., 2013). Modeling other 
petrophysical properties like seismic properties or rock stiffness would require infor-
mation on the pore geometry (Jiang and Spikes, 2013; Saxena, 2014) which can be 
gained by BIB-SEM on a representative scale. In more detail, knowing the microcrack 
density, pore fluid phase (by using Cryo-BIB-SEM) and aspect ratios would allow esti-
mation of the seismic anisotropy of shales (Vernik and Liu, 1997), which is relevant for 
(micro)seismic modeling. Moreover, nano-indentation in combination with BIB-SEM 
and AFM could provide insight in the mechanical properties of the various constitu-
ents in shale (Ahmadov, 2011; Zeszotarski et al., 2004). These examples show applica-
tions of BIB-SEM on organic-rich shales. However, there remain many other applica-
tions and fields of study could benefit from BIB-SEM. For example in construction ma-
terials, the effect of nano-engineering and nano-modification on cement-based ma-
terials (Sanchez and Sobolev, 2010) can be studied using BIB-SEM. In medicine, BIB-
SEM, and in particular Cryo-BIB-SEM, can play a role by studying tissue or the scaffold 
– bone bonding (Jones, 2009). 
 167 
 
Appendix A: Permeability estimates 
 
In this appendix preliminary permeability calculations, based on the capillary tube 
model, are presented. Estimates are based on the pore data of the Haynesville and 
Bossier Shale from Chapter 5. Permeabilities derived by this method give realistic out-
comes in comparison to values known from literature.  
A.1 The capillary tube model 
In 2D BIB-SEM images we cannot see the pore connections. However, MIP porosities 
indicate that the Haynesville Shale and Bossier Shale samples are permeable. Here, 
we attempt to estimate the permeability from the porosity segmented in our BIB-SEM 
mosaics based on the capillary tube model (a combination of Poiseuille’s and Dar-
cy’s law (Pape et al., 1999; Purcell, 1949)), equation A.1;  


8
2r
k               Equation A.1
  
where k is the calculated permeability (m2),  the porosity, r the radius and  the tor-
tuosity of the capillaries. It must be noted that Darcy flow is the dominant flow regime 
in marcopores (Heller et al., 2014), which are mainly detected with BIB-SEM. 
For our 2D BIB-SEM segmented mosaics, we consider each segmented pore in 2D as 
a cross-section of a capillary tube. Since pores in shales are not perfect circles but 
show significant irregularities we take the hydraulic radius (m, pore area divided by 
pore perimeter) as controlling radius of the capillary tube. We calculate k for each 
pore in the mosaic and sum these up, equation A.2;  

8
2
hpore
m
pore R
A
A
k          Equation A.2 
where Apore / Am is the partial porosity (Apore is the pore area in m2 of a single pore 
(throat) and Am is the total area of the BIB-SEM mosaic in m2). 
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A.2 Permeability estimates 
Specific tortuosity values for most of the Haynesville or Bossier shale are unknown to 
the authors. However, tortuosity values in the range of 1.5 - 13 have been reported in 
shales (Ali et al., 2011; Burrus, 1998; Katsube et al., 1991). Figure 10 shows estimation of 
permeability based on the capillary tube model as a function of BIB-SEM porosity 
segmented in all samples investigated in this contribution for a range of tortuosity 
between 1.5 and 13. The estimated permeabilities vary from 20 nanoDarcy in the 
Bossier samples up to 11 microDarcy in the Haynesville samples. Characteristic per-
meabilities for the Haynesville Shale are about 1 microD, for samples with a porosity 
of about 12 % (Wang and Hammes, 2010), and about 0.25 microD for the Bossier 
Shale (Nelson, 2009). Regardless of the uncertainty in the tortuosity, the calculated 
permeability ranges in our study overlap their values (Figure A.1 and Figure 2.3). 
However, this only applies than for the effective pore throats, and therefore the esti-
mated permeability, in the direction parallel to the bedding. The general orientation 
of the longest axes of the pores is also parallel to the bedding (Figure 5.9), indicating 
preferential pore pathways orientated mainly in line with the bedding, especially for 
the finer grained samples. 
 
Figure A.1. Permeability estimates. Calculated permeability estimates, in microDarcy, vs. BIB-SEM porosi-
ty for all 20kx mosaics investigated with an assumed tortuosity between 1.5 and 13 (respective-
ly the upper and lower data points). 
Unfortunately, no experimental permeability data is available of our rock samples so 
the permeability estimates cannot be validated. These results are an upper bound of 
matrix permeability in these samples. It is noted that the matrix permeability is con-
trolled by the pore throats, which are generally smaller than imaged with SEM, and 
not by a mixture of pore throats and (isolated) pore bodies which is quantified by 
using BIB-SEM. Therefore the real permeabilities are expected to be smaller than the 
estimates. The next challenge will be to find the controlling pore throat by using this 
concept in combination with permeability experiments. 
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Appendix B: MIP and WMI on 
epoxy-coated samples 
 
To get a better understanding of possible artifacts during MIP we performed MIP on 
an Opalinus Clay, Boom Clay, Haynesville Shale and Bossier Shale sample, and MIP 
on with epoxy coated samples in which the epoxy prevents intrusion of mercury. 
B.1 MIP on coated samples 
From each set of two, one was coated with a thin layer of epoxy (Epikote resin Type 
302 and Epikote argence 105, Hexion) prior to the experiment, to prevent the entry of 
mercury and measure only the compaction of the sample during MIP, whereas the 
other sample was not coated. Comparing MIP analyses of coated and uncoated 
samples to each other seem to indicate that in all four samples compaction of the 
samples occurred during MIP (Figure B. 1). Compaction of the samples can be elas-
tic and inelastic, and composed of closure of microcracks, compression of the matrix 
and compression of minerals. However, the coated Opalinus Clay and Boom Clay 
sample gained significant weight after the MIP analyses, which indicate failure of the 
epoxy.  
B.2 WMI on epoxy 
An epoxy sample was also subjected to a WMI experiment to test the sealing capac-
ity of the epoxy. BIB-SEM investigation of the epoxy show that the epoxy contains 
WM-filled pores (Figure B. 2). So the epoxy is permeable for the WM and therefore 
most likely also for the mercury, which could also explain (a part of the) the weight 
gain. Hence, these experiments MIP experiments on epoxy-coated samples are not 
robust.  
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Figure B. 1. MIP intrusion and extrusion curves. Diagrams show the cumulative porosity versus pore 
(throat) diameter of the Opalinus Clay (A; uncoated after Houben et al. (2013); cut-off > 1 m), 
Boom Clay (B; uncoated after Hemes et al. (2013); cut-off > 30 m), Haynesville (C) and Bossier 
Shale (D) (cut-off > 5 m for both). The solid vertical lines in the diagrams illustrate the pore 
throat diameters imaged in the SEM and the dashed vertical lines the theoretical minimal pore 
throat diameter achieved during the maximum injection pressure (= 4 nm). 
 
 
Figure B. 2. WM inside the epoxy. (A) BSE image showing the WM inside the epoxy and underneath the 
surface. (B) SE2 image showing WM inside the epoxy. 
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Appendix C: Supplementary BIB-
SEM images and mosaics 
Appendix C is a collection of BIB-SEM and FIB-SEM images that illustrate the variety of 
the different type of pores. Selected BIB-SEM mosaics show the diversity of the differ-
ent shale samples. 
 
Organic-matter porosity showing various pore shapes aligned to the bedding (BSE; width field of view = 
12.2 m). 
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Complex, membrane-like organic-matter pores showing narrow pore throat in depth in the largest pore 
(Inlens; width field of view = 15.3 m). 
 
 
Randomly stacked phyllosilicates containing intraparticle pores and various interparticle pores (BSE; 
width field of view = 15.3 m). 
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Elongated framboidal pyrite (within a liptinite?) in Posidonia Shale (BSE; width field of view = 29.6 m). 
 
 
 
WM-saturated clay sample (BSE; width field of view = 7.7 m). 
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All the segmented pores in FIB-SEM block III in the Haynesville Shale (BSE; width field of view = 27.8 m, 
voxelsize = 15 nm). 
 
 
All the segmented pores in FIB-SEM block II in Haynesville Shale (BSE; width field of the view = 17.6 m, 
voxelsize = 10 nm). 
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The largest 100 segmented pores in FIB-SEM block I in the Haynesville Shale (BSE; width field of view = 
27.0 m, voxelsize = 15 nm). 
 
 
Complex pore network in carbonate aggregate in FIB-SEM block II of the Haynesville Shale (BSE; width 
field of view ≈ 5 m, voxelsize = 10 nm). 
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Three organic-matter pores in one organic matter particle in FIB-SEM block II of the Haynesville Shale 
(BSE; width field of view ≈ 5 m, voxelsize = 10 nm). 
 
 
Two organic-matter pores in FIB-SEM block II of the Haynesville Shale (BSE; width field of view ≈ 5 m, 
voxelsize = 10 nm) 
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Segmented porosity in yellow in sample RWEP10 of the Posidonia Shale (BSE; width field of view ≈ 90 m). 
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Segmented porosity in red in sample SBI 8-2 of the Haynesville Shale (BSE; width field of view ≈ 170 m). 
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Segmented porosity in red in sample SHSI 1-6 of the Bossier Shale (BSE; width field of view ≈ 125 m). 
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Segmented porosity in red in sample SMY 4-2 of the Bossier Shale (BSE; width field of view ≈ 135 m). 
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Injected Wood’s Metal in sample SOM 4-4 of the Haynesville Shale (BSE; width field of view ≈ 330 m). 
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Summary 
Shales are the most abundant sedimentary rocks and as such they are important 
constituents of sedimentary basins. The characterization of the pore space and mi-
crostructure of shales is crucial for many applications in geosciences. For example in 
the reservoir characterization of gas shales, in basin modeling studies, in understand-
ing of sealing behavior and in hydrocarbon generation in organic-rich shales. Be-
cause these fine-grained rocks have relatively low porosity and permeability, under-
standing of their petrophysical properties is difficult and requires new methods and 
techniques. One such newly developed method is the combination of Broad-Ion-
Beam (BIB) milling and Scanning Electron Microscopy (SEM). This method allows im-
aging pores with resolution down to 5 nm in equivalent diameter, and quantitative 
measurement of porosity in representative elementary area on the scale of a few 
mm2.  
The aim of the dissertation (Chapter 1) is to investigate the porosity and microstruc-
ture in organic-rich shales of the Posidonia Shale, Haynesville Shale and Bossier Shale 
formations with different maturities, using BIB-SEM. In more detail, the effect of grain 
size, mineralogy and maturity on pore space is investigated and the connectivity of 
the pore space is assessed.  
Chapter 2 describes complementary techniques like Focused Ion Beam (FIB)-SEM, 
Micro Computed Tomography (MicroCT), Mercury Intrusion Porosimetry (MIP) and 
Wood’s Metal Injection (WMI). The BIB-SEM method and workflow is explained in de-
tail in Chapter 3.  
The first BIB-SEM study (Chapter 4) reports on two early mature (VRr = 0.59 and 0.61) 
samples of Posidonia Shale from the Hils Syncline in Germany. Pore morphologies and 
pore sizes are clearly related to the mineral phases. The porosity resolvable by BIB-
SEM is 2.75 and 2.74 %. Pore size distribution can be described by a power law func-
tion. The pores in the carbonate fossils show a dual-power law distribution. By extrap-
olating the power-law distribution for a sample, total porosity is estimated and can 
be compared with values gained by MIP. Comparison between the imaged porosity 
and the MIP porosity suggest a very high pore body to pore throat ratio. This results in 
a pore model where large pores, represented mainly by pores in fossils and calcite 
grains, are connected via a low-porous clay-rich matrix with pore throats below 10 
nm.  
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In the following chapter (Chapter 5) four Haynesville Shale and four Bossier Shale 
samples of different maturity, fabric and mineralogy are described using BIB-SEM. This 
variability within the samples enabled to study the controls on the porosity distribution 
in these shales. Pores exist as intraparticle pores mainly in carbonate grains and py-
rite framboids and as interparticle pores, mainly in the clay-rich matrix. Pore sizes are 
power law distributed and a positive trend of organic-matter porosity with maturity 
was found. Porosities measured by BIB-SEM are significantly lower than porosities ob-
tained by MIP.  
In Chapter 6 an alternative method of MIP is presented. WMI in combination with BIB-
SEM allows imaging of the solid Wood’s Metal (WM)-filled pores. WMI was conducted 
at 316 MPa. The samples were BIB polished followed by high resolution SEM imaging. 
SEM investigations showed WM-filled pores down to at least 10 nm and almost full 
impregnation of the WM in the Boom Clay sample and heterogeneous impregnation 
in the Bossier Shale sample. The Opalinus Clay and Haynesville Shale samples showed 
WM mainly in cracks and in larger pores directly adjacent to those cracks. These first 
results suggest that many published MIP data on mudstones could contain serious 
methodological artifacts and reliable metal intrusion porosimetry requires a demon-
stration that the metal has entered the pores. Moreover, results show that, in particu-
lar for the Opalinus Clay, the pore throats are actually smaller than suggested by 
Mercury data, resulting in higher capillary resistance and thus a higher sealing ca-
pacity.  
Chapter 7 reports on the microstructural characterization of porosity, mineralogy and 
organic matter in 2 and 3 dimensions of an organic-rich Haynesville Shale sample. 
Sample size varies from several centimeters down to 10 micrometers in size using op-
tical microscopy, BIB/FIB-SEM, MicroCT and WMI. The sample consists of a heteroge-
neous mineralogy and fabric, uniformly distributed on the centimeter scale except 
for one millimeter-size carbonate-rich layer. Organic matter shows the largest pore 
networks, up to 8 m in length. The organic matter is connected throughout the 
sample and is therefore the most probable controlling factor for gas transport.  
In Chapter 8 presents the microstructural characterization of porosity of two organic-
rich Posidonia Shale samples with different maturates (VRr = 0.91 and 1.52), using BIB-
SEM. Results show that both samples have a similar pore size distribution, but the ma-
ture sample contains a lower visible porosity (0.82 % vs. 2.47 %). The postmature sam-
ple contains intra-organic-matter pores, which are notably different from the mature 
sample that contains crack-type porosity at the organic-matter – mineral interface. 
The latter are interpreted either to be due to shrinkage because of devolatization or 
hydraulic fracturing because of hydrocarbon generation. The transition from these 
crack-type porosity into intra-organic-matter pores is interpreted because of thermal 
maturation.  
Final concluding remarks are given in the last chapter (Chapter 9). 
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Zusammenfassung 
Tonsteine sind die am häufigsten auftretenden Sedimentgesteine und als solche 
wichtiger Bestandteil von Sedimentbecken. Die Charakterisierung des Porenraums 
und der Mikrostruktur von Tonsteinen ist für zahlreiche geowissenschaftliche 
Anwendungen entscheidend, so beispielsweise in der Beschreibung von Gasschiefer-
reservoiren, in der Beckenmodellierung, in der Analyse von Abdichteigenschaften 
und in der Kohlenwasserstoffgewinnung aus Tonsteinen mit hohem organischen 
Anteil. Aufgrund der geringen Porosität und Permeabilität von Tonsteinen lassen sich 
ihre petro-physikalischen Eigenschaften jedoch nur schwierig verstehen und es 
bedarf neuer Methoden und Techniken um ein detailliertes Wissen über sie zu 
erhalten. Eine solche neuartige Methode ist die Kombination aus Probenpräparation 
mittels breitem Ionenstrahlätzen (engl. Broad-Ion-Beam; BIB) und Rasterelektronen-
mikroskopie (engl. Scanning Electron Microscopy; SEM). Diese Methode (im Folgen-
den BIB-SEM) erlaubt das Abbilden von Poren mit einem Äquivalentdurchmesser von 
bis zu 5 nm und dient zur quantitativen Messung der Porosität innerhalb eines mehr-
ere Quadratmillimeter großen, repräsentativen Elementarvolumens.  
Kapitel 1 be-schreibt das Ziel dieser Dissertation, also die Untersuchung von Porosität 
und Mikrostruktur in organisch reichhaltigen Tonsteinen des Posidonienschiefers, des 
Haynes-villeschiefers und des Bossierschiefers, welche jeweils eine unterschiedliche 
Reife besitzen. Es werden die Effekte der Korngröße, der Mineralogie und der Reife 
auf den Porenraum untersucht und die Konnektivität des Porenraums abgeschätzt.  
Kapitel 2 zeigt ergänzend verwendete Untersuchungstechniken, wie das fokussierte 
Ionen-strahlätzen (engl. Focused-Ion-Beam; FIB), die computergestützte MikroTomo-
grafie, die Quecksilberporosimetrie (engl. Mercury Intrusion Porosimetry; MIP) und die 
Wood’sche Metallinjektionsmethode (engl. Wood’s Metal-Injection; WMI). Der Ar-
beitsablauf der BIB-SEM Methode wird in Kapitel 3 detailliert erklärt.  
Die erste BIB-SEM Studie (Kapitel 4) beschreibt zwei Proben niedriger Reife (VRr = 0,59 
und 0,61) des Posidonienschiefers der Hilsmulde in Deutschland. Mittels BIB-SEM 
weisen die Proben eine sichtbare Porosität von 2,75 und 2,74 % auf. Porenmor-
phologie und Porengröße steht dabei in einem eindeutigen Bezug zur Mineralphase, 
d.h. jede Mineralphase weist eine charakteristische Porenbeschaffenheit auf. Die 
Größenverteilung aller Poren kann durch eine Potenzfunktion beschrieben werden. 
Durch eine Trend-extrapolation der Porengrößenverteilung einer Probe lässt sich die 
Gesamtporosität abschätzen und mit Werten der MIP abgleichen. Der Vergleich von 
mittels BIB-SEM sichtbaren Poren und MIP suggeriert ein sehr hohes Verhältnis von 
Porenkörper zur Porenhals, d.h. große Poren sind lediglich durch einen sehr kleinen 
Porenhals zugäng-lich. Für beide Proben ergibt dies ein Porenmodel in welchem 
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große Poren, hauptsächlich in Fossilien und Kalzitkörnern vertreten, durch gering-
poröse (und niedrig-permeable), tonreiche Matrix-Poren mit Porenhälsen unter 10 nm 
verbunden sind.  
Im darauffolgenden Kapitel 5 werden jeweils vier Proben des Haynesville- und des 
Bossierschiefers mit Unterschieden in Reife, Gefüge und Mineralogie beschreiben. Die 
Probenunterschiede ermöglichen eine Analyse möglicher Einflussgrößen auf die Po-
rositätsverteilung. Poren treten als intra-partikuläre Poren (vor allem in Karbonat-
körnern und Pyritframboiden) und als inter-partikuläre Poren (in der tonreichen Ma-
trix) auf. Die Porengrößenverteilungen jeder Probe lassen sich erneut durch Potenz-
funktionen beschreiben. Es lässt sich ein positiver Trend für die Porositätszunahme in 
organischem Material mit ansteigendem Reifegrad zeigen.  
In Kapitel 6 wird die WMI als eine alternative, aber vergleichbare Methode zur MIP 
vorgestellt. In Kombination mit BIB-SEM lassen sich die mit Wood’schem Metall (WM) 
gefüllten Poren abbilden. WMI wurde, mit bis zu 316 Mpa durchgeführt. Für eine 
Probe des Boom-Clay zeigen BIB-SEM Untersuchungen eine vollständige WM Imprä-
gnation mit WM-gefüll-ten Poren ab einer Größe von 10 nm. Eine Probe des 
Bossierschiefers zeigt eine heterogene Imprägnation. Die Opalinuston und Haynes-
villeschiefer Proben weisen WM lediglich in Rissen und mit diesen Rissen benach-
barten größeren Poren auf. Diese ersten Ergebnisse suggerieren, dass zahlreiche Pu-
blikationen von MIP-daten von Tonsteinen erhebliche, methodisch bedingte Arte-
fakte enthalten können. Verlässliche MIP bedarf daher den Nachweis, dass das 
Quecksilber tatsächlich in die Poren ein-gedrungen ist. Des Weiteren zeigen die BIB-
SEM Ergebnisse, vor allem für Opalinuston, das die Porenhälse kleiner sind als durch 
MIP ermittelt. Dies resultiert in einem höheren Kapilarwiederstand und damit in einer 
höheren Abdichteigenschaft als durch MIP beschrieben.  
An einer organisch reichen Probe des Haynesvilleschiefers stellt Kapitel 7 die 
mikrostrukturelle Charakterisierung von Porosität, Mineralogie und organischem 
Material in 2 und 3 Dimensionen dar. Die Probengrößen variieren von mehreren cm 
bis zu 10 µm großen Proben, welche mittels optischer Mikroskopie, BIB/FIB-SEM, com-
putergestützter Mikro-Tomografie und WMI untersucht wurden. Die Proben weisen 
eine heterogene Mineralogie und einen heterogenes Gefüge auf, welches im cm 
Bereich einheitlich ist, abgesehen von einer millimeter-mächtigen karbonatreichen 
Schicht. Organisches Material beinholtet die größten Porennetzwerke von bis zu 8 µm 
Länge. Das organische Material ist durch die ganze Probe hinweg verbunden und 
daher der wahrscheinlich größte Kontrollfaktor für Gastransport.  
Kapitel 8 zeigt durch BIB-SEM die mikrostrukturelle Charakterisierung der Porosität 
zweier organischreicher Proben des Posidonienschiefers mit unterschiedlichen Reife-
geraden (VRr = 0,91 und 1,52). Beide Proben haben eine ähnliche Porengrößen-
verteilung, jedoch weist die unreifere Probe eine geringere sichtbare Porosität auf 
(0,82 gegenüber 2,47 %). Die Probe mit der höheren Reife enthält Poren innerhalb 
des organischen Materials. Ent-gegengesetzt dazu die Probe mit geringerem Reife-
grad, welche Risse entlang des Kontaktes von organischem Material zu umge-
benden Mineralen zeigt. Diese Risse können durch Schrumpfung, durch hydrauli-
sches Aufbrechen oder durch beides entstanden sein. Dieser Übergang von rissge-
bundener Porosität zu Porosität innerhalb des organischen Materials wird als Auswir-
kung des thermischen Reifens interpretiert.  
Kapitel 9 gibt einige abschließende Bemerkungen. 
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